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ABSTRACT 
The design and operation of an advanced ammonia beam 
maser is described. Special features of the design permit 
operation of the device as an oscillator without the benefit of 
pumping with liquid nitrogen. Further, one novel feature allows 
variation of the beam geometry, while the system is under vacuum, 
to suit different conditions of operation. By virtue of these 
developments the device has a relatively high efficiency compared 
with other ammonia masers when it is operated with liquid nitrogen 
pumping. 
The investigations described here are part of a wider 
exploration of the analogies that exist between ·various electric 
dipole and magnetic dipole systems. In particular ~ it has proved 
possible to produce two effects for which theory suggests a very 
small chance of occurrence in an ammonia maser: the transient that 
follows switching on (and off) of the oscillation; and the oscil-
lation pulsations (spiking) consequent upon periodic modulation of 
the oscillation condition. These are familiar adjuncts of laser 
and maser action in many solid-state systems. 
A second resonant microVlave cavity is employed to monitor 
the effects on the beam of coherent transitions occurring in the 
first cavity for a range of beam .intensities. The change in 
relative populations bet,~en the two levels is followed by operating 
the second cavity in the spectroscopic mode, and looking far 
absorpticn or stimulated emission in the beam. A complementary 
study of the polarisation imparted to the beam by the first cavity 
is made by observing the change in oscillaticn level within the 
second cavity as a function of the frequency detuning of the first 
resonator. The relationship between the spectroscopic observations 
and the polarisation effects is clarified in a general treatment for 
the detuning phenanena. Predictions are made for new types of 
detuning phenanena, and sane tentative support is offered far 
these predictions. 
The analysis of the partial saturation behaviour in the 
first cavity leads to a proposal for a method of producing a beam 
canposed predominantly of relatively slow molecules. The technique · 
is general in scope and is not restricted to maser media. It 
offers possibilities of application in frequency standards and in 
high resolution gas spectroscopy. 
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PREFACE 
The invention of the molecular beam maser constituted 
a major advance in microwave spectroscopy, and presaged the growth 
of a new field of physical electronics-quantum electronics. The 
characteristic feature of the new discipline is that it utilises 
quantum properties of matter in the construction of amplifiers and 
OSCillators, whereas classical electronics is concerned with the 
charge properties of matter. 
All the active quantum electronics devices, maser ampli-
fiers and oscillators, depend upon the phenomenon of stimulated 
emission: the emission of radiation from atoms or molecules induced 
by a signal field, and coherent with that field. The concept of 
induced emission was introduced in 1917 by Einstein. However , it 
was not until 1954 that a device operating on the principle of 
stimulated: emission was constructed. 
For a substance in thermal equilibrium the populations 
of its energy levels are governed by the Boltzmann distribution, 
and of two energy levels the l~~r has a greater population. 
Irradiation of a system in thermal equilibrium with a signal field 
of a frequency corresponding to the energy separation of the two 
levels yields a net absorption. Amplification of the signal 
demands a non-equilibrium distribution of populations, with a 
greater number of molecules or atoms in the upper energy level 
ii 
than in the lower. Such a system is sometimes described as having 
a negative temperature, from a formal interpretation of the 
Boltzmann equation, though it should be noted that it is a non-
equilibrium situa'tion and in relaxing towards thermal equilibrium 
the system passes through an infinite temperature. Negative temp-
erature implies "hotness" rather than coldness. If the method of 
inversion involves the irradiation of the system with a pulse then, 
strictly, a temperature should not be assigned to the inverted 
system until a time of the order of the transverse rel~ation time 
(T2) has elapsed. Immediately after the pulse there exist phase 
relationships between the "spins" (the off-diagonal elements of ' 
the density matrix are ncn-zero) which require a time of the order 
of T2 to approach the condition of internal thermal equilibriwn. 
A variety of methods have been devised to achieve the 
desired non-thermal population imbalance: these are reviewed in 
standard textbooks such as those by Singer (1959) and Vuylsteke 
(1960). The method employed in the ammonia maser is perhaps the 
simplest in concept, and involves the removal of the molecules 
populating the lower of the two levels involved in the microwave 
transition. 
A proposal for a maser oscillator was presented by 
A. H. Nethercot on behalf of C. H. Townes at a symposium on Bub-
millimetre waves at the University of Illinois in May, 1951. 
iii 
There followed an outline of a proposed gas beam device in the 
Columbia Radiation Laboratory Quarterly Progress Report for 
December 31, 1951. Transient stimulated emission from an inverted 
system was observed by Purcell and Pound (1951), but involved no 
amplification. The principle of obtaining ~~plification of electro-
magnetic waves by means of non-equilibrium quantum systems is 
described in a patent granted in 1951 to Fabrikant, Vudynskii and 
Butaeva. In 1953 Weber examined (independently of Townes) the 
possibilities of obtaining amplification and oscillation with non-
Bol tzmann populations. Basov and Prokhorov (1954) discussed a 
design for a molecular amplifier and oscillator, together with a 
theoretical treatment. In the same year Gordon, Zeiger and Townes 
published their first results from an ammonia beam maser operating 
at 24GHz., reporting a very low noise amplifier ( < 100 K), a very 
stable oscillator (with a fractional frequency stability of better 
than 1o-10), and a gas spectrcmeter with a resolution (tV 7kHz.) 
nearly an order of magnitude better than previously achieved. It 
was they who coined the acronym MASER (Molecular Amplification by 
Stimulated Emission of Radiation) . 
Since that time the maser principle has been exploited 
over a wide range of the frequency spectrum, for electric dipole 
and magnetic dipole transitions, and in all states of media, 
gaseous, liquid and solid. 
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In 1957 Feyrunan, Vernon, and Hellwarth established a 
rigorous analogy between electric and magnetic dipole two- level 
non-interacting systems. They provided a geometric representation 
of the Schr8dinger equation which invested the equations of motion 
of the density matrix with an intuitive interpretation. It is 
possible to view the behaviour of an electric dipole system under 
irradiation as the analogue of the behaviour of a magnetised gyro-
scope precessing about a static magnetic field while subject to a 
time varying magnetic field. The pre-eminent exemplar of this 
correspondence is the observation and interpretation of the photon 
echo, the optical analogue of the spin echo of nuclear magnetic 
resonance (Kurnit, Abella, and Hartmann, 1964). 
In recent years the Keele maser group, which includes 
the author, has been investigating the analogies which exist between 
various electric dipole and magnetic dipole systems. 
Since, for the purpose of most discussions, the ammonia 
beam maser is a good approximation to a two-level system of molecules 
interacting with a radiation field, it has served as a model for 
a number of theoretical discussions concerning transient behaviour 
of quantum electronic amplifiers and oscillators. However, 
experimental confirmation of some of the theoretical predictions 
has so far depended upon other maser systems. Interest in trans-
ients springs also from the consideration that their analysis 
v 
permits measurement of relaxation times for population changes (T1) 
and for dephasing effects (T 2) • 
This dissertation is principally concerned with two 
transients - the oscillation transient and the related phenomenon 
of induced spiking. The former has been observed in laser systems 
and in the hydrogen beam maser. The latter is closely related to 
the spiking behaviour observed in a number of solid state lasers 
and masers. 
The transient behaviour reflects the partial saturation 
behaviour of the maser: molecules are induced to make several co-
herent transitions between the two levels during their time of 
flight through the resonator. This behaviour is further examined 
by analysing with a second microwave cavity the state of the beam 
emerging fran the first. The beam is examined for its relative 
populations, and for the polarization it receives in the first 
resonator. 
Analysis of microwave electric dipole maser behaviour in 
terms of a nuclear magnetic resonance analogue has a dual appeal. 
Firstly, the behaviour of a perturbed magnetized gyroscope is more 
readily visualised than the motion of vectors in an abstract space 
that describes the time development of an electric dipole system. 
The behaviour of nuclear magnetic resonance systems has been studied 
very thoroughly, and much of the theoretical treatment is readily 
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translated into a fo~ suitable for discussion of the electric 
dipole case. Secondly, nuclear magnetic resonance systems have 
many desirable experimental features that are denied to the micro-
waVe maser systems. <:he instance maY serve to illustrate this 
aspect. Acting on a suggestion by D. C. Laine'that liquid flow · 
n.m.r. masers should provide an analogue for the two-cavity ammonia 
beam maser the present writer examined the possibility of adapting ' 
such a maser. A maser devised by Benoit (1958, 1'959) proved ideal 
for the purpose and W. H. U. Krause constructed a liquid nuclear 
maser at Keele, and converted it to the two-cavity analogue by 
adding a second coil downstream from the first emission coil. 
Krause (1969) has proceeded to demonstrate in a series of elegant 
. experiments the analogues of much of the behaviour . of a microwave 
two-cavity maser, and extended the theoretical treatment developed 
by the French school to include the two-coil case. Tho n .m.r. 
liquid maser possesses many virtues: it does not require a vacuum 
system, there are no problems of beam divergence, the velocity 
distribution is comparatively simple under conditions of laminar 
flow, the frequency of a few kiloHertz is convenient for processing 
of the signal.s with conventional circuitry, and the Q of the 
"cavities" il3 readily varied by means of Q multipliers. One 
disadvantage is its enhanced sensitivity to inhomogeneities in 
the magnetic field, compared with the ammonia maser. 
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The thesis has been organized into four chapters. Since 
the concepts of induced and spontaneous emission are crucial to an 
understanding of maser action, theoretical treatment of these 
topics is reviewed in Chapter I in preparation for the discussions 
that follow in the other chapters. The relationship between the 
concepts of coherence employed in optical studies and in microwave 
work is often not clear. It might seem reasonable to argue that 
for microwave fields temporal coherence is assured because the 
microwave sources produce a continuous train of waves of high 
monochromaticity, and that spatial coherence exists because 
apparatus dimensions are usually about the same order of magnitude 
as the wavelength. However, the discussions here are concerned 
with the interaction of molecular systems with the field, and not 
counter detection of photon correlations. Molecular systems sub-
jected to irradiation with coherent pulses may be correlated so 
that they subsequently emit radiation of varying degrees of 
coherence. Spatial · distribution of the molecules is an important 
factor in the nature of the radiation emitted by the molecules: 
for instance, the shape of the gas cell affects the distribution 
of radiation emitted from an assembly· of molecules in a super-
radiant state. 
In Chapter II the special features of design of the 
maser which render the transient effects accessible are described. 
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Chapter III is devoted to a review of theoretical 
investigations of one- and two-cavity maser behaviour, giving 
particular attention to the analogy that exists between electric 
dipole and magnetic dipole systems. 
Chapter IV details the experimental investigations of 
the transient effects, and the conclusions which emerge from 
their analysis. Suggestions are made for methods of extending the 
capabilities of the maser for further study of these transients, 
and of others, and for the investigation of maser components, such 
as new forms of focuser. 
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CHAPTER I 
COHERENCE 
The advent of lasers provided theoreticians with a 
considerable incentive to extend the study of the coherence 
properties of an electronagnetic radiation field. The salient 
advance made in the quantum mechanical treatment of photon distrib-
utions is the systematic use of a particular set of nonstationary 
states for the harmonic oscillator representing a mode of the field. 
These are the eigenstates of the photon annihilation 
opera tors a k These "coherent states" obey the relations 
tor all k , where the {o(k} are an arbitrary set of complex numbers. 
They can be constructed from number eigenstates 
oQ 
In><nICl<) I ~ > ::: ~ J 
n"O 
It(.) 1.) 00 )0\ In>. ?thence ::. exp . (- f I K I 2- (){ 
-
ItA-O (V\. Di 
They can also be generated by the action of a unitary displacement 
operator on the ground state 
I oc. ) = e.Xp [IX at - ± I t>\ [2-] I 0> . 
These states form a subset of the set that minimise the 
uncertainty product. In the Schr8dinger picture they evolve in time 
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according to 
) _i,Ht, > [c«t )= e.- 0<. 
This describes a displaced ground state wave function which vibrates 
back and forth with frequency to without any change of shape or 
spreading (Henley and Thirring, Carruthers and Nieto). 
The utility of the coherent states for the investigation 
of photon correlations may be ascribed to two main features: 
(a) the states are eigenstates of the complex field operator, and 
permit the reduction of the operator to a c-number, thus facilitating 
the construction of suggestive analogies between the classical and 
quantum-mechanical behaviour of fields (the degree of equivalence . 
between the two is a matter of lively controversy- see the paper by 
GlaUber) ; 
(b) the coherent states form an overcomplete set, and thus the 
densi ty operator f can be expanded in terms of these states as a 
basis. The coherence properties of the quantized field are described 
by means of a hierarchy of correlation functions for the complex 
field operators, 
and E (+)(v) ~ are the negative- and positive-
frequency parts of · the electric field operator, and X:i stands for 
both · the arguments Y' J and iij A field is said to possess 
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m th-order coherence if the correlation functions of order up to and 
inclUding m factorize according to the scheme 
1'1. 
:: IT 
j..:1 
1Vhere t (X) is a complex function of X I independent of n. Other 
Pure states can fulfil the full coherence conditions, but the coherent 
states satisfy certain stringent restrictions on factorization. 
Klauder and Sudarshan give a detailed pedagogical treatment of these 
formulations of coherence properties. 
Fortunately, this dissertation is concerned with observ-
ations and int.erpretations of coherence effects occurring at micro-
~ave frequencies, for which less esoteric and more intuitively 
acCessible concepts of coherence will serve very well. Here one is 
concerned with the effect of microwave fields on an assembly of 
two-level systems. The coherent excitation puts the "spins" into 
a coherent superposition of states lr> ::~(t)/f>+b(t)l-i> , 
lIhere a.. ( t.) and b( t) are found by solving the Schr8cliriger time-
dependent equation. These are periodic functions of time which are 
lOcked in phase to the r.f. field. Where before the dipole oscillators 
had random phase, the r.f. field has ordered the phases to give an 
OSCillating macroscopic polarization, which further reacts on the 
field. 
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In terms of the density matrix formalism; initially the 
a
l 
s and b l s of different atoms have random phase, the density 
matrix of the system is diagonal, and the properties one can 
Observe of the system are those of atoms in pure states. On the 
application of the r.f. field coherence properties appear, and the 
* *' non-diagonal elements of the density matrix, ab and ba are no 
longer zero. iVhen the external locking agent is removed the coherence 
decays with the characteristic relaxation time T2• 
For these purposes, then, one can define a cohe~ent 
oscillation as a sinusoidal oscillation with a well-defined phase. 
By coherent radiation from a molecule, one means radiation for 
~hich the field oscillates coherently, with the phase determined 
by the state of the molecule or by the coherent field to which the 
moleCule is coupled. If the state of the molecule and / or coupled 
field do not determine the phase of the radiation, then the phase 
is a random variable and the radiation is incoherent. Only coherent 
radiation will contribute to an average of the radiation field over 
many similar systems, but the incoherent radiation will appear in 
the average of the square of the field. Thus the dispersion in 
ffeld « £ 2) _ (E > 1. ) is a measure of the incoherence. 
These latter considerations appear to have little in 
cammon with the concept of coherence discussed in the early para-
graphs in the context of photon correlations. The coherent states 
.' 
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Can serve to mediate between the two viewpoints. It can be shown, 
using Dirac's radiation theory, in which the molecule and the field 
are quantized, that the spontaneous emission by the molecule, if it 
is initially in the excited state (b = 1, a = 0), is completely 
incoherent. The incoherence is due to the uncertainty in the 
pOsitions of the charged particles in the molecule when the molecule 
1s in a stationary state. Consider a dipolar harmonic oscillator 
in the energy eigenstate I n> ,with energy En. The field 
emi tted in the spontaneous decay to the state I n -I> is 
completely incoherent. In the state In> ,the dipole moment of 
the oscillator is equally likely! M ' and 'hence the field at any 
one point in space equally likely ~ E. In consequence the expect-
ation value of the field operator vanishes at any given time. 
HoweVer, if the oscillator is in a coherent state I 0<. > such 
its energy is the same as in state In> ,<rx JIl/O\) = En 
that 
the rate of emission by the oscillator is the same as when in the 
state In> ,but the field is cc:mpletely coherent. 
, 
The ammonia maser poses a number of interesting theoretical 
problems concerning coherence. It reduces essentially to a study 
of the behaviour of a coherently oscillating radiation field which 
is in resonance (or near resonance) with a group of similar molecular 
systems which are coupled with ane another solely via the field, by 
means of their electric dipole moments. In particular one wishes: 
- 6 -
to examine induced emission, incoherent and coherent spontaneous 
emission, and correlation effects between molecules. The discussion 
Which follows is based mainly on the treatment of these aspects of 
microwave spectroscopy given by Dicke (1954) and Senitzky (1-1958, 
II-1959). 
Senitzky's approach is based on a perturbation treatment 
to Various orders of dynamical variables, in which both molecules 
and field are treated quantum-mechanically. In I the cavity is 
assumed lossless, but in II losses are included to permit a calcul-
ation of amplitudes and time dependence of induced and spontaneous 
emissions. For the lossless case only an initial field need be 
assumed, but for the lossy case the initial field would be damped, 
and so a driving field must be provided. The assumed driving field 
mechanism is a classical dipole in resonance with the cavity and 
twO-level molecules. 
The field is described by 
E = -+rrc P 
- - I 
6 = Q (t) ~(!.)) 
H = \71\ 6 I 
P = P(t) g (1) ) 
1'Ihere P and Q are the quantum-mechanical field variables, obeying 
the COtnnutation rule [Q,p]==i1i. The initial state of the field, 
1'Ihich describes a coherently oscillating field, is chosen to be 
the pure state, 
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The initial state of the molecules is described by 
<jJ :: ft [ 0., ( h1) cA (m) 1- C{ 2. ( m) 92. (m) ] , 
m"'" Ii 
where ¢, (M) and 'Pz(m) l'.re the two energy states of the m th free 
molecule, and 
I C{ I (WI) I 2. + / ~2. ( Wt ) / 2 ::: I '. 
The electric dipole moment of the m th molecule is specified byj(nt 
Which, since the molecule has no permanent dipole moment, has only 
off-diagonal elements. The Hamiltonian for the combined system is 
If ~ Z 1TC1. pz + 81<> \ Qt + { Hi<'\. - ~1",.E. <:~:M). 
TTc ' M.:/ M 
The Heisenberg equations of motion for the field variables are 
p = - ( 4 ~: 2 ) Q ) 
6 =- trrc1. P + 4 TTc Z d' wt' U (r-~) • 
. M- --
In integral form these equations become . 
Q (t) = Q (O)(t) +4vc il:-s X M (-{;,). y, (rlk) CIls w (t -t,)) 
pet) = P(o)(t) - ~ ~ r"t eli, g M (~/j. 1& (r-M ) .si~ w (t-t,) ) 
P(o),!..) Q(o) "";')0 where . (tl and rt) represent the field in the absence of 
interaction with the molecules. 
The dynamical variables are expanded in powers of the 
couplirig constant (contained in 'i.. ). Thus, setting Pet) == p(O)(t) + 
P (,) P (2) . 1\ . ( ) rt) t (t)t ... and similarly for lJl (t) and 'K 1; , 
. . 
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en) rt (n-I) ( ) Q (t) = 4lT c ~)o cit, ~ M (t ,). u, (Y-M) cas w -t- ii, , 
h (n-) jt' (n-') . ) 
r ft) =~ t. 0 cit, 1 m. (t)- u, (Y"m-) S~yt,W (t -t, -
The expectation values for Q(l)(t) and P (/)(t)are 
(p(J)(t)~-(w/c) ~ I ~, (M)CA.;t.(Wl)I ~t.<-t sirt.(w't-t8m.)) 
(Q(lrt»~ tnc 2:. I O-.,(M.)ct.z.(M)1 ~u.tcos(wt+eW\), 
'" v \}(V\.~ V (o)() 
where .~M == OMI2..= 6M,z, are the matrix elements of tl yyt. 0 
( ~rYI. is the component of ~m. along lit (-r-)), and em is the 
- --
difference in phase between ctl. (m) and ct., (m). Here, in first 
order, is spontaneous emission, with each molecule aoting (on the , 
average) as a classical oscillator of well-defined phase, 
and amplitude which is proportional to I Ct ,(m) Ct:z.. (111.) I . This 
amplitude is a maximum when I Ct, (m) I = I tl.,2.. (rn) /= Z -i-; in 
other words, when the molecule is in the superposition state with 
eqUal amounts of each of the ~o energy states. Also, the amplitude 
Vanishes when the molecule is completely in either one of the energy 
. states. 
Proceeding to higher orders, the expectation values are 
< ~.i.'}(t) > !]L Eo u 11. -/ ~2.t [ I a.;. (m) J2-IOv, (M(~ cos wt) 
(p(2.)(t) 01_ E.2. 
8rrc. 
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'V 
where Eo (t) = 27T w 'Z U, 2 Y 2 -t Z • 
This is induced radiation, which is in phase (emission) or 1800 out 
of phase (absorption) with respect to the inducing field, depending 
upon whether the molecule is mostly in the upper energy state or the 
lower energy state. 
The entire expression (Up to the second order) for the 
expectation value of the electric field is 
(E) = Eo IL sun, wt 
+ EoLL c~t) f [ I ct"Jm) 12_ la, (rn) IZ) SLit" wt 
2 w . 
+ 41T cJ u.2 t '? ~ J CL (m) a~ 01;\.) I si~ (wt + ern). 
M f "... 
The expectation value for the energy of the field is, 
. <J{f~UL)- 21TC~ <pZ) , + ((.J2. 2) <0.2 ) 
. 8 ITC ) 
= Eo2. +L2 eo(t) i[1 Q..z.(m)/2_/ tt /(I11)/J 
S1T <S1f 11 W M. 
+EOcJ~lLt ~ Jctl(m)a~.JI11)Jcosem-
M.. 
+ Eo (t) ~ / ell (M) a.2..(J11) I Ia./m) a (m)/ 
WI. :f:. M.. I 2-
X C05 (eM - em) + iii 0. 
The first term is the energy of the initial field. The second 
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term is induced radiation (emission or absorption). The third term 
is the interaction between the initial oscillation of the molecule 
and the field which exists in the cavity. The fourth and fifth 
terms are spontaneous emission, and the last term is the zero-point 
energy of the field (which is independent of the molecules). 
In order to determine the coherent and incoherent 
contributions to the field energy it is necessary to examine the 
dispersion, « E 2) - (E >2..) ,as discussed earlier. 
The first term in the expression for the energy corres-
Ponds to the square of the first term in < E > ( 5 L)1" Z (,U t is 
canbined with C052. wt contributed by the magnetic part of the 
energy), This is the coherent energy of the initial field. The' 
second and third terms in (r£ field) correspond with the cross-
products in the square of , < f > , and therefore represent coherent 
energy. There remains for consideration the square of the last term 
in <E) , for which the corresponding term in the energy would be 
So(t) ~ I ct,rM) a. (m) II Ct,(m.) Q,2. em') I Cos (e»1- BM') 
/)1" n-t,'" , 
== to (t) { ~ I a., (M) q (11'1) 11CL,(M'j a. (mV I C05 (ern -ern) 
"" ;t m.' 2. ~ 
+ :£[Ia.z (M)12 - '/ctz {wt)/4-JJ, 
Part of this apPears as the fourth term and the entire fifth term 
of < Ji fielo/ ,and is the coherent spontaneous emission energy. 
The remainder is' _ Eo (t) ~ "/ ~2.. (m) /4-, . 
n'\. 
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and represents the incoherent spontaneous emission energy. 
It should be noted that the first order part of (E) 
and the coherent part of the spontaneous emission energy, are the 
field and energy of a clas; ical radiation field' coupled to a 
claSSical oscillating dipole moment, < ¥ (t» . 
, 
A distinction should be made between the use here of the 
term "coherence" in the context of Senitzky's treatment, and the 
Cannot a tion the word may normally carry. Consider the si tua tion 
Where there is a random distribution of initial states. Then the 
It h ' 
co erent" radiation of each molecule has random phase, and is 
lUore properly described as "incoherent", in keeping with the 
classical notion of incoherence resulting from an assembly of 
Oscillators with random initial phase. 
Consider next a number of situations which are of 
Particular relevance to this thesis. For simplicity assume that 
the amplitudes of oscillation of all the radiators are equal; 
that is }a.,/(rYt)a2 (t11)/= ICt,(m')a..,2(rn/)I. LetMmolecules 
have one phase and the remainder have opposite phase. The coherent 
sPontaneous emission energy is then proportional to [M - (N - MD. 2 
If M = ~ then the coherent spontaneous emission vanishes. 
However, there still remains the incoherent spontaneous radiation 
Which is completely independent of the phase of the molecules. 
The energy of this emission is a function of the total number of 
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IIlo1ecules. For the case of M= N , when all the molecules are in 
Phase, the energy of the coherent e~ssion is proportional to ~ ~, 
end when I c.t, ( YVt) CL.z (m.) 1= i ,it is a m.ax:imum. 
Coherent spontaneous emission (otherwise known as 
"molecular ringing") is observed to follow the application of a 
short microwave pulse to an assembly of molecules. The driving 
field orders the state phases of the molecules to produce an induced 
oscillating dipole with a well-defined phase dependent upon the 
amplitude and duration of the primary field. When this field is 
cut off the induced emission does not cease instantaneously, for 
the dipole moment now gives rise to "spontaneous coherent emission". 
The molecules are now driven by their own radiation. The amplitude 
of the ringing field is proportional to the rate of change of the 
state populations, which in turn is dependent upon the ririging 
field. Bloom (1956) has made a time-dependent perturbation calcul-
ation emplOying this self-consistency condition, and has shown 
that the ringing power varies as a sech2 function. Furthermore, 
depending upon the strength and duration of the driving pulse the 
ringing may exhibit a delayed maximum. This occurs when the ringing 
field has dI-iven the populations to an instantaneous equality. 
(This phenomenon is discussed further in a later chapter.) 
It will be perceived that the only distinction between 
induced emission and coherent spontaneous emission lies in the 
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manner in which the driving mechanism, the induced oscillating 
dipole moment, is produced. A treatment including higher orders 
in the perturbation expansion reveals that the energy radiated in 
induced emission is proportional to N 2, as in the molecular ring-
ing. 
The treatment reviewed so far has employed molecular 
states which are products of one-molecule states, and are therefore 
uncorrelated. In principle, measurements of the state of each 
molecule are independent of one another. Correlated states, which 
are linear combinations of products of one-molecule states, must 
be employed if the underlying symmetries of the field-molecule 
system are to be exploited to the full. 
Dicke (19~) has investigated co-operative phenomena 
arising as a result of transitions between energy levels corresponding 
to correlations between molecules. His treatment of the collection 
of molecules as a single quantwn.:..mechanical system reveals that 
there are "super-radiant" and "subradiant" states for which the 
radiation rates are, respectively, higher and lower than the 
incoherent emission rate. 
The formalism employs opera tors R1 , R2, and R3, which 
are analogues of the Pauli spin operators. They operate on the j th 
molecule according to the rules: 
- 14. -
. 
J 
~ 
. Kjl[' ... ± .... J 
Kjz[" + ... ]:=. +f~[' + .' . 'J , 
. l~d3 [ . . . + ... J = ± ± [. ± .... ] ~ 
~hey appear in oombination as 
~k =::i.R·k j:/ J J \ k ::: /,2,3" 
a.ncL R2. 
- ~\ + R~ + K~. 
Consider initially that the molecular gas is enolosed in 
a resonant cavity the dimensions of which are much smaller than the 
'Wavelength. Assume that the gas molecules have only two non-
degenerate . levels E+ and E- (E+ > E-). The radiation is calculated 
in the dip8le approximation. It is further assumed that the wave- --
functions 9f the molecules do not overlap, so that the Pauli condit-
ions on s~trization of the wave:f\mctions c~ be relaxed. The 
Hamiltonian of the system of molecules, neglecting the radiation . 
field, may then be written as 
YI.. N = }f, 0 .,. E .~ R..j 3 - Ji 0 + E R...3 , 
J':: / 
, . 
. 
'. 
··'·t 
L 
" '. 
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, operates on the 
coordinates o~ the centre o~ mass of the molecules and represents 
the energy of translational motion of the moleoules and the energy 
of intermolecular interaction, 1=. Rj3 is the internal energy 
of the jth molecule and has the eigenvalues + ~ E 
~ and all the R';3 commute with each other. 
~onsequently it is possible to choose eigen~ctions o~ the energy 
oPerator which will simultaneously be eigenfunctions o~ .J.t ) Rt.? 11; ... 
These eigen~ctions have the form 
JP;h7 - ~ (~, ~ I' .. . £n )[+ -I- - .... + - ]. 
Here.!1 ••• In arc coordinates of the centres of mass o~ the n 
molecules, and the + and - symbols represent the internal energies 
of the various molecules. I~ the numbers o~ + and - symbols are 
deSignated by n+ and n- ' respectively, then mis defined as 
m = t(n+ - n-) 
n = n+ + n- z number of gas molecules. 
The total energy o~ the gas is 
Egm = Eg + Em, 
,""here Eg' is the energy o~ translational motion and interaction o~ 
the molecules. Egm is degenerate o~ multiplicity 
n ! 
.:=. n. 
('t2 n + m )! ( Yz 11 -tvl) l 
In the Hamiltonian ;.fo operates on the coordinates o~ 
the centres of mass so that 
, 
and RJ3 
[ + + - . . . . 
acts on the + and - symbols in the jth place in 
+ -J. Further note that /<. 3 ?Jj IYt ~ m 7f5 111.. 
The operator representing the energy of interaction of 
the jth molecule with the radiation field is 
p. 
-k, 
Where ~ ~.) is the vector potential of the radiation field at the 
centre of mass of the jth molecule; ek.,It1k. and Pk. are respectively 
the charge, mass and momentum of the kth particle in the molecule • 
. In the approximation detailed earlier the ~pendence of A on the 
coordinates may be neglected, and the interaction term becomes 
. ~ A (0) • ~ ~k • 
k · rvtkC 
• 
Since the ' internal energy of the molecule may assume 
only two ~alues, ± iE, the interaction operator ~ be' represented 
~ 
as a Hermitian matrix of second order with vanishing diagonal 
" 
.elements, Fd written in the form 
The vectors e and _e2 are constants depending on the type of -1 
molecules. The total interaction energy becomes ) 
" ·N, ::: -6..(O).) (~//(J +~;L{(,.2. • 
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The operators 11. f( I , K [(.2. and t R..3 obey the 
same commutation relations as the three components of angular 
momentum. In consequence, the operator of the interaction energy 
obeys the selection rule ~ m =: ::t I ,and has non-vanishing 
matrix elements only between the given states and other states 
which differ in m by 1. In order to simplify the calculation of 
the probability of spontaneous transitions stationary states are 
introduced; chosen so that the interaction energy operator has non-
vanishing matrix elements only for transitions between the given 
state and two other states with higher and lovrer energies. These 
stationary states are devised as follows: the operators J1 and ~2. 
commute. Therefore it is possible to choose eigenstates of ~l as 
stationary states. These states will be linear combinations of the 
states 1jJ!3 m.. 1(.2. has the eigenvalues r(r + 1), where r is an 
integral or half-integral number satisfying 
Iml ~ y--'~ -1: 1'1-
The quantum number r is termed the co-operation number of the gas. 
In terms of the spin analogue, R is the total spin of 
the system, r is a constant spin s, and m the projection of the 
spin on the z axis. 
The new eigenstates, design4ted !J!:J mY'", satisfy 
H 7jJ;JYY1r = [E3 +mE) ~3wtr-, 
R: ~ Wl~:= r (r or I) 7f!J~-f". 
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The introduction of R2 does not remove the degeneracy completely. 
Dicke, in Fig.1. of his paper, gives a classification which, as 
~amba (1958) explains, reflects a permutation symmetry • 
. 
,Functions with the same r have the same properties with respect to 
permutations: the functions with the highest r are completely 
symmetric, those with thd lowest r are as antisymmetric as possible 
for functions of this type. 
The matrix elements of the interaction energy operator 
are 
(g, r, ,mJ ~ R1 +~2R2 J g, r, m:; 1) 
= .!(~! ie2) [ (r :!: m)(r :; m + 1)J i. 
~ransitional probabilities are proportional to the square of the 
lIlatriJe elements. Thus, the spontaneous radiation probabilities are 
I = I (r + m)(r - m + 1) o 
where 10 is the radiation rate of a gas composed of one molecule in 
its eXcited state (r = m = i). For all n molecules excited 
(m :: r = ~) 
I = nI 
. o. 
Coherent radiation is emitted when r is large but I m I small. For 
instance, for even n let r = in, m :: 0, then I = in (in + 1)1 o. 
This is the largest rate at which a gas with an even number of 
moleCules can radiate spontaneously, and for large n is proportional 
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to the square of the number of molecules. 
The general expression for the radiation rate of a 
sUperposition state is 
In all radiative transitions of the system the co-
operation number r does not change since the operator R2 is a 
constant of the motion , 
~ 0 
States with low cooperation number are highly correlated 
to have abnormally low radiation rates. Indeed, a gas in the state 
r :; m:: 0 does not radiate at all. Dicke remarks that this 
state (which is realised only for even n) is analogous to the 
clasSical system of an even number of oscillators swinging in 
Pairs oppositely phased. 
Dicke calls the states with mAt) 0 "super-radiant" 
because they radiate spontaneously at an abnormally high rate. 
These states may be prepared in a number of ways. If, for instance 
all the molecules be excited, the gas is in the state with 
r :; m :; in. As the system radiates m decreases towards the 
8Uper-radiant region m NO. 
Alternatively, the gas in its ground state 
r :; -m :; in can be irradiated with a pulse to lift it into a 
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superposition state with mNO (what is normally termed a 900 pulse). 
Normally, of course, the experiment is conducted with the gas in 
thermal equilibrium; for which, Dicke shows, the system may be con-
sidered to be in the state r = m /"\oJ - nEe Spectroscopic equip-
4kT 
rrient based on pulse excitation was developed by Dicke and Romer (1955) • 
Although the intensity of spontaneous radiation depends 
upon the state of the gas (r,. m,), the stimulated emission rate is 
normal and is always proportional to the number of active molecules. 
The external field induces transitions with a reduction in m 
(m ~ m - 1), and transitions with an increase in m (m --. m + 1). 
The intensity of net emission or absorption is then proportional to 
I(m --. m - 1) - r(m ~ m + 1) 
(r + m)(r - m + 1) - (r + m + 1)(r - m) = 2m. 
In order to derive parameters describing the radiation 
line breadth and shape Dicke utilises a classical model consisting 
of a spinning top carrying an electric dipole moment, which precesses 
about the z axis as a result of an interaction with a static 
electric field in that direction. This is a valid model when 
large quantum numbers are involved. 
The ' principal result to emerge from this analysis is 
that the commonly held notion that the natural linewidtn for micro-
wave transitions may be neglected can be in error when coherence 
effects are involved. 
I 
I 
I 
I 
·1 
I , 
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If is the polar angle (between the spin axis and 
the z axis) then 
m = r cos 
As the system radiates 
varie s with f2> as 
increases, and the radiation intensity 
I = 10 (r + m)(r - m + 1), 
tV I
o
(r2 -m2),ifr-lml»1, 
= 10 r2 sin2 )L5 
The internal energy of the gas is 
mE = rE cos J?J 
Equating the rate of energy loss to the radiation rate gives 
_ ~ (mE) _ I 
at -. 
Which, since the length of r is constant, yields 
If f/J 
= 
I r sin 
o 
= E ¢ 
900 for t = 
sin ¢ = 
0, 
( I r t) sech + . 
The field has the form . t 
A (t) = {~~Ul .sift ¢' 
As ¢ increases from below! the amplitude increases to a maximum 
at ¢ = 1L z and then decreases. The Fourier transformation gives 
a line shape which is not Lorentzian. The linewidth AW at half-
intensity points is of the .order of )"'~ , where ~ is the line-
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Width for the incoherent spontaneous radiation from isolated single 
molecules. The maximum value for r of ~ . gives a linewidth of the 
order of 'I r\.. which is usually very much greater than ~ , and 
thus may be far from negligible in scme applications. For instance, 
Gamba remarks that the increased spontaneous decay probability for 
super-radiant systems should be taken into account when calculating 
noise figures for gas masers. 
Recently, Eberly and Rehler (1969) have extended Dicke's 
treatment to embrace the optical region, where the assumption that 
the system of a large number of atoms is confined to a region small 
compared with the wavelength is untenable. They find that the 
enhancement factor of the radiation rate over the ordinary incoherent 
emission rate that super-radiance confers on the large system is 
Smaller than that found for the small system, but still proportional 
to the total number of emitting atoms. 
The spontaneous radiation rate in the direction ! is 
giVen by 
where 10 (19 is the radiation rate of a single excited atom. Here, 
N R-± . J Rg:t = ~ j-I 
It is assumed that all the atoms are in their ground states prior 
to eXcitation by a short plane wave pulse which turns the pseudo-
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atomic dipole moments through an angle e (using the analogy with 
nuclear magnetic resonance established by Feynman et a1 (1957)). 
The intensity of the spontaneously emitted radiation is given by 
I (K) ~ Io (K) i N [/ -COSe +-1- NS0tLl G {r (K, k,) -~}]. 
The function r( /s:, k,) takes into account the different times 
of excitation of the different atoms, and is strongly dependent on 
the geometry of the system. Explicitly it is 
r (K ,K,) = I {e-XP [ ~ ( K - ~ I) • 1: ] } a.v /1. 
where the average is taken over all the positionsr j of the atoms 
in the system, and!1 is the wavevector of the excitation ptuse. 
By equating the rate of energy loss by the atomic system 
to the rate of emission integrated over all directions a non-linear 
differential equation is obtained: 
M 
, N -I) 
2- -;U- , 
"Co 
l'ihere W is the energy · of the system of atoms in mits of 11w, (";0 
is the lifetime of a single atom, and 
)L ~(f!) J 10 (K) r ( /{', ~I) d 51 k - ~ · 
The solution is 
VI::: - N[(' +-L) tanh ~(t-to)_J-l . , 
7- j.J.. N r: . # NJ . 
trom ~hich the radiation rate is' 
I (t) 
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(jA N + J)Z secit Z_, (t- to), 
G 
C is the radiation pulse width . and depends upon the shape of the 
system and N, 
"C - Z C: O 
CuN+ I) 
to is defined so that W(o) - t,N, and is given by 
to = [T;o ( ;tA N + I ) -/] ~;a N · 
Again, the radiation rate is proportional to N2 for 
large N, but the factor ~ exerts a strong influence. It approaches 
a limit, ,tV<- --. J - -k ' as the volume of the radiating system 
is decreased. 
Dicke terms radiation coherent if the radiation rate is 
proportional to N2, ·and makes no distinction, as Seni tzky does, 
between radiation of well-defined phase and that of random phase. 
It is worthwhile examining Senit~'s treatment of 
correlation effects, for it serves to delineate the concepts of 
Coherence and correlation: terms which are employed loosely in the 
literature. 
Consider a system of two molecules. The two possible 
correlated states are 
= Z -1 [ (/J, (\) ~ (2) + ~ (I) 0, Cl) J ) 
and 
::: Z-± [ 0
1 
(I) ~)J2) - (4 (I) ¢r (2.)]. 
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These are symmetric and antisymmetric respectively, but this has 
no significance in terms of the Pauli principle, since there is 
assumed to be negligible overlap of spatial w~vefunctions. 
An uncorrelated state is 
ljJ IA = ¢, (t) ~z ( z) . 
All three are eigenstates of the energy with the same 
eigenvalue. However, the expectation values for the field energies 
are 
(J{.fi.d~>S = Z eo (t), <}{:f~q.LJ>a, = 0, (H .fielJ)u. = Eo (t). 
Now, the expectation value for the fieid strength vanishes in all 
three cases, indicating that any radiation from these molecul~s 
must be incoherent spontaneous emission. It would appear then 
that. although the phase of oscillation cannot be predicted for a 
correlated energy state, the phase relationship between the molecules 
is fixed: the incoherent oscillations are equal and in phase for 
the symmetric state, but equal and out of phase for the anti-
symmetric state. 
Consider next a system of N molecules with N/2 molecules 
in the upper state and N/2 in the lower state. For a syzmnetric 
correlated state the energy is 
( ~ N 2. + ~ N) Eo ( t ). 
Far an uncorrelated state the spontaneous emission energy is 
i N £0 (tJ. 
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Thus, for the correlated state the incoherent energy is proportional 
to N2, while for the uncorrelated state it is proportional to N. 
Again, although the radiation does not have a well-defined phase 
(and is hence termed incoherent), it does have the same phase for 
all molecules in the correlated state, and random phase relation-
Ships between molecules in the uncorrelated state. 
Contrast this with the spontaneous emission energy from 
N molecules oscillating coherently. These are in the uncorrelated 
state. 
With 
N 
ljJ :::: If, [~I (m) ¢, (m) 
10.1 (lV\) I == I ct:z. (WI) I ::; 
,All the molecules are oscillating with the same well-defined phase 
and maximum amplitude. 
-L 
4-
The total spontaneous emission energy is 
( N 1 + N) So (t) J 
With the N2 term coherent, and the N term incoherent. 
It is seen that both incoherent and coherent radiation 
2 ' 
may have an N dependence: the incoherent case arising from correlation 
While the coherent radiation corresponds to the classical case of 
an assembly of oscillators all having the same phase. (Quantum 
mechanical correlation should be distinguished from a classical type 
of' Correlation which might be said to exist between the phases of 
such an assembly of oscillators). 
Senitzky asserts that, as a corollary of the uncer~ainty 
I • 
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principle, coherence and correlation are mutually exclusive and 
obey a conjugate variable relationship. More correlation implies 
less coherence and vice versa. 
It is interesting to note that Yariv, in his textbook 
"1"1 
"I:uantum Electronics tl (1967), employs the term "super-radiance" in 
a sense quite different from that intended by Dicke. Yariv 
describes a phenomenon which he calls "super-radiant narrowing". 
This occurs when a laser diode is operated at high current levels, 
but is kept below oscillation threshold by removing the optical 
feedback. 'Under these conditions the spontaneous recombination 
radiation is incoherently amplified as it passes through the medium. 
The line narrowing results because frequencies near the lineshape 
maximum are amplified more strongly than those further away. 
One final point can be made. The photon correlations 
discussed in the preceding pages are but one aspect of a quantum 
mechanical effect; boson condensation. The probability that a 
boson will enter a particular state is enhanced by a factor (n + 1) 
if there are already n identical bosone in that state. The co-
operative effects exhibited by superfluid He4 are another manifest-
ation of the phenomenon. 
I, 
I 
I 
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CHAPI'ER II 
THE AMMONIA BEAM MASER 
b 1 Introduction 
A simple ammonia beam maser features four components: a 
nozzle, a focuser, and a microwave carl ty , within a vacuum chamber 
continuously pumped to below a pressure of about 10-5 torr to 
Permit a long mean free path. Gas effuses fran the nozzle, and 
Part of this effusion is captured by the state focuser ~~ich 
focuses Upper energy molecules into a beam, and deflects lower 
state molecules out of the beam. The beam consisting predominantly 
of upper state molecules passes then into a high-Q microwave cavity. 
Therein a signal wi thin the linewidth can induce the molecules to 
elllit coherently with the signal, thus providing amplification i .f 
the resonator wall losses are small. With an increase in the beam 
intenSity the power emitted by the molecules becomes greater than 
that diSSipated in the walls and lost through the coupling hole, 
the process becomes self-supporting and auto-oscillation is observed. 
After a brief review of the properties of the. ammonia 
moleCule, consideration is given to the design features of the 
components of the maser which confer particular efficiency. The 
detection scheme which is used for the observation of transient 
eft . 
e,cts is also described. 
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b 2 The ammonia molecule 
The ammonia molecule is a non-rigid, oblate symmetric top 
~ith the three hydrogen atoms at the apices of the base equilateral 
triangle and the nitrogen at the apex of the tetrahedron. Various 
OScillatory and rotational motions are possible. In particular, 
there are oscillations of the nitrogen atom at right angles to the 
plane of the hydrogen atoms. The potential energy of the molecule 
as a function of the distance between the nitrogen and the plane 
of the hydrogen atoms exhibits the form of a symmetrical curve with 
a maximum at the origin, separating two minima displaced from the 
base plane. If the tunnel effect is neglected, then each of the 
lower Oscillation levels is doubly degenerate since there are two 
eqUiValent positions for the nitrogen on one side or the other of 
the potential barrier. The quantum mechanical tunnel effect lifts 
the degeneracy, and the vibrational spectrum consists of a series 
of doUblets. The higher level of each doublet represents an anti-
symmetric state of the system relative to inversion of the vibration 
coordinate in the centre of mass of the system: the lower level 
represents a symmetric state. Since the splitting corresponds 
ClasSiCally with the motion in which the nitrogen atom oscillates 
baCk and forth through the plane of the hydrogen atoms, or in which 
the DlOlecule inverts periodically, it is termed "inversion" splitting. 
The anaiogue of the inversion doublet is the two minima problem of 
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two 'Weakly coupled pendula, where the two swinging together corres-
Ponds to the symmetric state, and the two swinging in opposite 
. directions corresponds to the antisymmetric state. 
The level separation in the NH3 molecule depends on the 
rotation of the molecule, which is characterized by three quantum 
nUInbers: the total angular momentum, J; the projeqtion of the total 
.~gular momentum on a space axis, MJ ; and . the projection of J on 
the sYInmetry axis, K. Rotational states with J = K have the 
greatest statistical weight and therefore the inversion spectrum 
lines corresponding to these are the most intense. The one most 
frequently used in molecular beam masers is the J = 3, K = 3 of 
l{14a . 
3' Which has a frequency of 23,870 MHz. The 3,3 line has a 
compl" 1cated hyperfine structure as a result of various intra-
mol . 
eCular interactions. The electric quadrupole interaction of 
the N
14 nucl~us with the molecular field produces splittings of 
. several meg~ertz. The spin-spin interaction of the nitrogen and 
h . . 
Ydrogen nUClei and the interaction of the spins with the magnetic 
field Ofth~' rotating molecule result in splittings up to 100 kHz. 
I 
Ftve quantum numbers are required to characterize the 
ena ' 
rgy leve~s of the molecules when aCCO\U'lt is taken of the hyper-
tine int ' 
eraotions: they are, ~, ~ , JJ F 1 ' and F, where ~ is the 
spin vector of the nitrogen nucleus, 111 is the vector of the total 
sP1n 01' tho hydrogen nuclei, and!., = ~. + i, Eo .. !, + lzi. 
J '. 
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The component used in a maser is the most intense component of the 
inversion transition J 
= 3, K = 3, which is diagonal in the 
qUantum numbers F 
1 and F (~F1 = 0, ~F = 0) . 
The constants of the quadrupole and magnetic couplings 
in ammonia are different for the upper and lower inversion levels 
(Cordon 1955). A It th 1· J 3 K 3 s a resu e Jne = , = , 
~ F 1 = I::::. F = ° is split into twelve components corresponding 
to the twelve possible values of the quantum numbers F1 and F for 
the 3,3 line. For usual linewidths these components are not resolved. 
The peak position of the line, however, depends on the ratios of 
the intensities of the individual components and on their frequencies. 
For a gas in thermal equilibrium the intensities of the components 
are determined by the thermal distribution of the molecules among 
the levels. 
In the beam emerging from a state focuser the ratios of 
the intensities of the components are changed, and the peak of the 
Spectral line is shifted relative to that of the line in the gas 
at equilibrium. The shift is a function of the voltage on the 
focUser, since the ratios of the intensities of the components · 
depends on the electric field in the focuser. Furthennore, the 
different components have different values ~f the dipole matrix 
element .and display different degrees of saturation with change 
:tn the electric field in the cavity. Overall, the shift is a 
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function of beam intensity. 
A symmetric top with inversion symmetry, such as ammonia, 
does not possess a permanent dipole moment. However, in an applied 
electric field the ammonia molecule acquires an induced dipole moment 
Parallel to the field. The quadratic Stark effect increases the 
the separation of the inversion levels and splits them according 
to the previously degenerate M levels. Vuylsteke (1960) gives a 
detailed discussion of the origin of the inversion spectrum, and 
of the Stark effect. 
For low values of J and K the fraction of molecules in a 
giVen rotational state under conditions of thermal equilibrium is 
giVen by (Townes and Schawlow, 1955), 
- S(I,K)(2.1+J) 
411 of- 4 I + I 
The POPulation of the 3,3 levels is about 6% that of the total 
POpUl t' a ~on at room temperature. The ratio of the number of molecules 
in the lower inversion level to the number in the upper is, from 
the Boltzmann formula, 1.004-. 
~ The maser 
Most designs of the ammonia maser feature pumping of the 
~nia by means of condensation of the gas on surfaces cooled 
~th liqUid nitrogen (the solid has a vapour pressure of about 10-6 
torr at 77°K), in addition to pumping by diffusion pumps. 
-~-
When designing and constructing an a~onia maser the 
condition that it should oscillate without benefit of liquid 
nitrogen pumping serves as a most stringent criterion of efficient 
operation of the nozzle, focuser and cavity. 
In simple versions of the maser the nozzle, focuser and 
cavity are housed within one vacuum compartment. Of tho total 
effu . S~on from the nozzle only that within a small solid angle is 
captured by the focuser. Those molecules not incident on the 
entrance of the focuser serve only to degrade the vacuum and reduce 
the mean free path of molecules in the beam. There is, then, 
conSiderable advantage to be gained by housing the nozzle in a 
separately pumped compartment and selecting by means of a diaphragm 
only thOse molecules which can be captured by the focuser. Such a 
differential pumping scheme is employed here. It has been used 
before in maser designs by White (1959), and Grigor'yants and 
Zhabotinskii (1961). Skvortsov, Krupnov and Naumov (1960) have 
OPerated a maser without liquid nitrogen in a single pumped chamber. 
An ammonia maser has also been installed in a space satellite, 
~here th 
e ammonia . was allowed to escape into the space vacuum 
(Basov et al, 1966). 
It may be inferred from the papers listed above that the 
~tivation in constructing such a device has been to gain longevity 
- ~d~n . ve~ence of operation, and enhanced frequency stability 
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(changes in the beam freezing region consequent upon boiling and 
SUbsequent pouring of the liquid nitrogen induce frequency shifts). 
Fo~ the present work it serves merely as a sensitive indication of 
improvements in design. 
W General 
Figures 2.1 (a) and (b) display the maser together with 
same of its associated microwave and electronic equipment. (The 
insUlating jackets have been removed from the nitrogen reservoirs). 
The maser is mounted horizontally on a wooden table and 
CU h' 
s looned with rubber. The pumping system and the anrnonia purification 
system are mounted below the table. The microwave detection apparatus 
is mounted on an extension of the table, which also serves as a 
~ack for the i.f. amplifier power supply and the cavity stabilisation 
e qUiPlllen t . 
~ Maser vacuum system and ammonia sup~ 
Figure 2.2 is a diagram of the vacuum system. The main 
Chamber is an aluminium bronze casting, approximately 18" x 8" x 8", 
'Which has been sealed with Araldi te on the outside surface, and 
~th a sil" d 00 It i loCone varm.sh on the inside, and cure at 200. s 
fitted with a brass lid carrying two liquid nitrogen traps, and with 
a Perspex window, and two brass flanges carrying the waveguides to 
the t Wo microwave cavities. One panel is machined flat to carry 
electrical and mechanical lead-thro~hs. All connections are sealed 
Figure 2.1 (a) General view of the maser 
Figure 2.1 (b) The microwave bridge 
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Figure 2.2. Pumping arrangement and gas supply for the maser. 
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Wi. th rubber "0" rings. 
In order tci minimise the number of soldered joints the 
nitrogen traps are made with a s ingle continuous coil of copper 
tUbing, to which are attached copper fins. The cooling of the 
flanges is minimised by employing thin cupronickel tube as the 
connection between the trap and the flange. Silver solder is used 
for joints which are subject to thennal cycling. 
The K band waveguide passes through an "0" ring seal 
which permits rotation and translation to facilitate alignment of 
the components. It is sealed internally with mica discs mounted 
between the flanges and "0" rings of the waveguide couplings. 
The nozzle chamber is made of rolled brass tubes of 4" 
and 3" internal diameters. It is fitted with two flanges: one 
car . r~es a nitrogen trap, and a connection to an ionization gauge 
head (Edwards IG2HB); the other carries the supply line to the nozzle, 
a. tube fran the nozzle to a Pirani gauge head mounted directly on 
the flange, and an electrical lead-through. 
The fore chamber is pumped with a 3" Metrovac diffusion 
Pulnp, and the main chamber is pumped via baffle valves with two 
Edwards 203 2" diffusion pumps. Each is charged with 704 silicone 
011; this has a limiting vapour pressure of 10-7torr. The three 
d.i.ffus1on pumps are backed with a Metrovac GDR1 two-stage rotary 
pump. . This is decoupled from the equipment by means of a flexible 
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rubber hose to m:inimise vibration. The main pumping lines are of 
1" copper tubing. 
The ammonia source is a lecture size cylinder of anhydrous 
liqUid ammonia. The gas flow is controlled with a pressure reducing 
valve adjusted for about 30lb/sq. inch output pressure. The ammonia 
is Purified by freezing it in traps cooled with liquid nitrogen. 
While it is frozen the traps are pumped to remove gaseous impurities. 
It i8 then allowed to pass to a similar trap. Water vapour is 
trapped by maintaining the trap below oOe during the transfer. 
The ammonia is then stored in a 6 ~ litre pressure cylinder. The 
flow from the reservoir to the nozzle is controlled by a hand valve 
and a fine needle valve. The needle valve is connected to the 
flange by a i" diameter thick walled flexible nylon tube, and thence 
to the nozzle chamber via a flexible plastic tube. The pressure in 
the nozzle chamber is measured by an Edwards Pirani gauge (head M5C) 
lI10unted on the flange. This is connected to the nozzle chamber 
Via a short length of plastic tubing. 
The background pressure in each chamber is monitored with 
an EdWards IGH2B Ionisation Gauge Head, for which the power supply 
is an Edwards Model 2 controller. This registers pressures from 
10-2 7 
to 10- torr. The pressure in the two chambers can be reduced 
to about 5 -6 f Ii uid x 10 torr after 3 hours of pumping. Addition 0 q 
nitrogen to the traps further reduces the pressure to about 3 x 10-6torr. 
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The two chambers are separated by a variable iris 
diaphragm. The aperture of this iris is controlled from outside 
the chamber vd.th an Edwards rotary drive lead-through which is 
coupled to a screw driven carriage by flexible nylon tube. 
Rotation of the external control results in translational motion 
of the Carriage, which in turn swivels the lever which sets the 
iris aperture. By this means the optimum division of molecular 
flUX between the two chambers can be obtained for different 
eXperimental conditions. 
t£) Noz.zle 
The choice of nozzle is governed primarily by the type 
of focuser. Pilot experiments established that the nozzle which 
best Suited the ring focuser employed throughout this work was 
one haVing a single channel 1mm. in diameter and 10m. long. This 
is mounted with its exit 1cm. fran the iris aperture. Another 
tYPe of nozzle which is commonly used is that of the multichannel 
form fashioned fran klystron grid stock. Typically this would be 
about 5lll1ll. long, 3.5mm. in diameter, consisting of a honeycomb of 
fine parallel tubes o. 25mm. in diameter. 
The nozzle is attached to the source chamber by screwing 
both into a screwed barrel. The source chamber is mounted in a 
carriage which, by means of a canbination of rotational and sliding 
action, Will permit the nozzle to describe any locus within a 
Figure 2.3 Nozzle assembly 
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circle of tn diameter. The carriage is mounted on two rods whioh 
Pass through the wall dividing the two ohambers. The focuser 
Carriage is mounted on these rods on the other side of the iris 
aperture. 
Figure 2.3 shows the nozzle and its carriage (a temperature 
sensor and a heater ooi1 are shown). 
~ Focuser 
The quadratio Stark effeot is utilized to effeot a 
separation of moleoules in the upper and lower inversion levels. 
If a strong field ( > 1kv. om.-1) is applied the inversion 
is partially quenched and an average dipole moment is created. 
Neglecting hyperfine effeots the inversion states have energies 
where W is 
o 
Wo + "(~) 1. + (M EMs k) ~ f U 2 T(S + l) J 
the average energy of the up~er and lower inversion 
, 
levels, fA- is the permanent dipole moment that the molecule would 
exhibit in the absenoe of inversion, E is the eleotrio field strength 
and MJ is the projeotion of J on the direction of the applied field. 
The term "state foouser" is to be preferred to the 
e.lterne.ti " 
"Ie state separator" since it can be seen that the degree 
of 
separation is dependent upon the quantum number MJ • States 
With MJ = o are not affeoted by the applied field but states 
With MJ > o have different energies (greater for upper inversion 
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states, less for lower inversion states) and. in an inhomogeneous 
field the molecules experience a force 
! = - grad W. 
The upper inversion state molecules experience a force directed 
towards a region of minimum field, and lower state molecules 
eXperience one towards a maximum field region. 
Upper state focusers are designed to produce a field 
Which increases with radial distance from the axis. Early designs 
conSisted of an array of rod electrodes parallel to the direction 
of the beam and arranged in a circle. The rods (an even number) 
are charged alternately positive and negative. They are usually 
Circular in cross-section, though for accurate computational 
Purposes quadrupolar focusers with hyperboloidal cross-sections 
have been used. Vonbun (1958) has given an analysis of a multi-
Pole focuser and calculated the paths of ammonia molecules of 
Various velocities and states. Upper level molecules possessing 
radial velocities lower than a critical value, dictated by the 
rnOOCirm . .un Stark energy, are trapped in a potential well and describe, 
to a first approximation, simple harmonic motion about the axis. 
Lower state molecules are deflected out of the beam. 
The sorting field of this type of focuser is purely 
transverse, and is thus best suited for sorting molecules with 
mOlllents perpendicular to the axis. Now, throughout the work 
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described in this thesis a cylindrical cavity operating in the 
TM010 mode is used. The oscillating electric field in this mode 
Configuration is longitudinal. In conse quence, those molecule s 
, With moment directed along the axis have the greatest probability 
of radiating energy on interacting with this field. It would seem 
de' 
sJ.rab1e to employ a longitudinal field for sorting. Focusers of 
the ring type, or those of bifi1ar helix constr.uction, develop 
fields with both longitudinal and transverse components. These 
focusers (described below) sort molecules with transverse and 
long't din· J. U a1 components of orientation, providing a more complete 
utilisation of the beam. Mednikov and Parygin (1963) have evaluated 
the relative effectiveness of the three types of focuser. 
The theoretical advantages adduced for the ring focuser 
in combination with a TM cavity may not entirely. be realised in 
010 
practice, for the fringe field at the exit of the focuser may satisfy 
the adiabatici ty condition 
aE 
Jt J 
and the molecule on emerging fran the focuser rotates in space, 
fOllOWing the electric field. If the fringe fields of the two 
tyPes of focuser have roughly the same configuration the two 
systems may evince much the same efficiency (Krupnov and Skvortsov, 
1965) • 
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Krupnov and Skvortsov also obtained evidence for a 
predominantly longitudinal character of the fringe field at the 
exi t of a quadrupole focuser. They used a Fabry-Perot resonator 
in which the beam may be oriented at any angle with respect to the 
direction of the electric vector of the microwave field. They 
found that when the beam was directed along the field the excitation 
:parameter yt = 0.55, and when it was directed' perpendicular to 
the field Yl - 0.2 (Yl = 1 corresponds to the threshold of 
OSCillation, and is given by 
'1 = +TTQ~ Na.*j.I}- r: 2 § / f.. V, 
'Vhere QL is the loaded Q, Na'l" is the flux of "active" molecules, 
'C is the transit 
the CaVity, and g time through the resonator, V is the volume of is a filling factor.). 
Krupnov (1959) and Becker (1961, 1963) have used ring 
and sPiral separators. The ring focuser consists of a series of 
r' ~gs alternately charged positive and negative, along the axis of 
'Which the beam is directed. The spiral separator consists. of two 
Parallel spiral wires oppositely charged. The spiral separator 
h ' 
as the adv~tage of greater transparency compared with the ring 
focus " 
er; l.n other words, it is a more open structure and presents 
a smaller scattering surface to the deflected lovrer state moleoules. 
On the other hand it is a Ie ss rigid structure. 
Ring and spiral focusers both produce an inhomogeneous 
I 
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,. 
I, 
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field along the axis, thus providing focusing for axial molecules. 
The field in a ring system is given by 
E 'i . 1T (I - :bl) -1JIZ 
-
o SLy\" Z L L 
where 
Ioe-~R) Y(I-~) 
ZZ I~e~Y-) (05 2 Z1fz. + (I~)'et) 5['" 2~z. 
and 10 (X) = 1+ :x2 .:1-+ 
T 24- (2.02- + 
is a modified Bessel function of the first kind of zero order, for 
~ , 
which I + 4 is a good approximation when :x: is small. L is 
the period of the ring system, cS is the ring thickness, R the 
ring radius, r the radial distance, and z the axial distance. 
For & = 0 
E = 4-Vaz [I + I[~~7JLJ 
and Z varies periodically from 
C05 (2[2)( I + 4~:r-Z) ~ 
e.l.ong the z axis, typically a variation between 0 and 150,000 volts.cm:1 
Becker-shows that the diameter, z, of the molecular beam 
of upper state molecules is given by 
z = eB 
a 
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'Where e is the distance between the source nozzle and the diaphragm 
at the entrance to the resonator, a is the distance between the 
nOZZle and the centre of the separator (internal diameter B), f is 
the focal length of the lens equivalent of the focuser given by 
JL ~ bmU, 
f 
Where U is the potential difference between the rings (or spiral 
lVires), m is the number of rings or windings of a single electrode, 
and b = 0.87 x 10-6 per volt for ring and 1.03 x 10-6 per volt 
tor spiral focusers. 
Shcheglov (1961) has provided a detailed analysis of ring 
tocusers. Krupnov (1959) indicates that the optimum ratio of ring 
radius to the ring separation should be of the order of unity. 
Much ingenuity has been devoted to' devising means of 
SlOWing down molecules or selecting slow molecules (for a review 
of methods see the publication "Soviet Maser Research", 1964). 
The prOvision of a beam of slow molecules (relative to the average 
~elOCity at room temperature) would increase the frequency stability 
ot Ina Ber frequency standards. Strakhovskii and Tatarenkov (1965) 
Sl]~~ . ~eBted a curved ring focuser which would function as a velocity 
selector. Only upper state molecules with a velocity below a 
CritiCal value would be focused. Molecules with higher velocities 
1roUld 1 
eave the system. They obtained a weak stimulated emission 
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Signal wi. th such a device. Kazachok (1965) propos ed an electro-
dynamic method of decelerating molecules by applying a time varying 
field to a ring focuser having a parabolic dependence of ring 
radius on axial distance. There appear to be no reports of such 
a deVice operating. 
The rings usually used in focusers · terminate in relatively 
sharp edges at which breakdown can occur. The focuser designed 
for the present work is constructed with rings fashioned from the 
Sprung spiral ends of safety pins. The ring section has a smooth 
profile which decreases the tendency towards breakdown. The two 
ends of the spiral are motmted in holes in channels filled with 
SOlder. 
Figure 2.4 shows the focuser. The two sets of rings are 
mounted on brass strips of dovetail cross-section which fit into 
slots in the P.T.F.E. forme;s. This feature alloVls interchange 
of focusers. The P. T.F.E. formers are separated with 8intox ceramic 
tUbes. The separation between the two sets is adjusted with nylon 
screws. Alignment of the device is made with the sections dove-
tailed into a brass jig in which a metal rod is passed through the 
rings. The rings are secured with solder by placing the jig on a 
hotPlate. All surfaces are rotulded and smoothed. 
The combination of P.T.F.E. and ceramic insulation, 
together with the use of safety pin rings, has permitted operation 
Figure 2 . 4- Main focuser 
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of the device wi th voltages in excess of 50kV between the rings. 
The internal diameter of the rings is 0.164" (0.416cm.); 
ana the diameter of the wire is 0.045" (0.114cm.), so that each 
ring has a thickness of 0.090" at the widest part of the spiral. 
There is 0.090" (0.228cm.) between adjacent (oppositely charged) 
rings. This spacing represents a compromise between transparency 
(SO}b) and high field strengths (of the order of 220 kV. cm-1 maximum), 
With concession to the design principle that the ratio of ring 
radius to ring separation should be close to tmi ty. There are 10 
rings of one sign, interleaved with 9 of the opposite sign. The 
focuser is 8.4Scm. long between the entrance to the first ring 
ana the exit of the last. It is mounted symmetrically between the 
iris dial'"\l-.-agm and the f h r'U." entrance to the cavity, 1 cm. rom eae • 
If it may be assumed that the theory for ring focusers, 
as detailed above, may be applied to this design (a dubious suppos-
ition), then the "focal length" is approximately 5.5cm. for 10kV. 
and. 1.Scm. for 40kV. and the beam diameter is 0.5cm. for 10kV. 
(the eYT\ . --rress~on becomes negative when the focal length is reduced 
beyond about 2.8cm.). 
Figure 2.5 shows another form of ring focuser, with 
large diameter rings, mounted on a carriage. This short focuser 
i . 
a Used in an experiment to be described later, where strong 
fOCUSing action is not required. 
Figure 2.5 Anoillary foouser 
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~) Resonant cavity 
The mode configurations of a cylindrical cavity can be 
di'Vided into two classes: TE or H modes where there is no electric 
field parallel to the axis of the resonator, and TM or E modes 
~here there is no magnetic field parallel to the axis of the 
resonator. The resonant condition for E modes is given by 
4 
~here p is an integer equivalent to the number of half wave 
'Variations along the axis of the resonator of length 2z , a is 
o 
the radius of the cylinder and U is the nth root of the mth 
m,n 
order Bessel function J (U) = O. If P = 0, that is for the 
m 
E 
m,n,o mode (where m is the total number of full period variations 
of either field component along a circular path concentric with 
the cYlinder wall, and n is one more than the number of reversals 
of Sign of a field canponent along a radius) 
If m 
Ao = 2 TfCL 
U Wl, Yl. 
= 0, then 2a = O.9614cm. for a frequency of 23.87GHz. 
A major advantage that accrues from the use of a cavity 
that 
operates in the E010 mode is that much of the Doppler effect 
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is eliminated. The formation of the mode requires that the resonator 
is very close to cut-off for the E01 wave, the guide wavelength 
becomes very long and the phase velocity of the wave along the axis 
becomes infinite. Since the Doppler frequency shift is determined 
by the ratio of the velocity of the beam molecules to the phase 
Vel 't oc~ y of the waves in the direction of propagation of the beam, 
the longitudinal Doppler effect disappears and the residual Doppler 
Shift depends upon the angular spread of the beam. The spectral 
lineWidth is determined, via the Uncertainty Principle, by the time 
of flight through the resonator (however, under saturation condit-
ions, where the molecule can pass from level to level several times, 
the lifetime on a level is shorter than the time of flight and the 
SPectral width is increased). This argument must be qualified by 
noting that under maser conditions the radiation emitted by the 
molecUles varies along the cavity, and as a result there is a 
travelling wave which gives rise to a Doppler shift in frequency. 
Por this reason ammonia maser frequency standards featured opposing 
identical beams passing through one cavity in which the coupling hole 
Was centrally placed. 
Gordan, Zeiger, and Townes (1955) remark that if the cavity 
is eJCcited in a mode in which there is more than one-half wave-
length along the direction of travel of the beam, then the emission 
l' lne is split with two peaks symmetrically disposed about the 
tranSition frequency. 
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Shimoda, Wang and Townes (1956) show that the parameter 
Qot / A, rather than Q is a measure of sensitivity for resonator 
0' 
deSign, where Q is the unloaded Q, L is the length of the cavity, 
o 
and A is the cross-sectional. area. Accordingly they define a 
"figure of merit" M for a resonator 
, 
for p, the axial mode number, having the values 0 or 1. For a 
broad beam the E010 mode has the highest figure of merit compared 
With the modes E011 ' H211 , H011 , H111 ; and for a narrow beam the 
adVantage is even more pronounced. 
Shimoda, Wang and Townes give a value for the unloaded 
Q, Qo of 10,800 for a copper cavity 12cm. lang, in the E010 mode 
at 24 GHz, asSuming E = 4.27 x 10-5cm., where E:. is the skin 
depth multiplied by the specific permeability )Jv / of the wall 
Illaterial , 
€ = ( 2~)( ~/U-) f . , 
here "C is the electric resistivity. 
The cavity is fashioned by depositing copper electro-
lytiCally on to a stainless steel (saO) mandrel (further details 
are' giVen in Appendix A). When the electroform is about an inch 
in diameter it is machined, and then removed from the mandrel by 
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heating it in hot oil 
o • 
The cavities are made slightly undersize so that they 
may be stabilised at the resonance frequency by controlled heating. 
Though tmdersized at room temperature the cavities have to be made 
from mandrels 0.0005cm. greater in diameter than the calculated 
value (0.9619cm, (0.3788") compared with 0.9614cm.) to allow for 
end effects of the cavities. The calculated coefficient of vari-
at' loon of frequency with diameter is about tlMHz. per 0.0001 inch; 
and the observed variation of frequency with temperature is approx-
imately O.4MHz. per degree 'C. 
The Q factor of the cavity is increased by inserting metal 
rings (end caps) in each end of the cavity, so that · the waveguide 
is beyond cut-off. 
Two cavities have been employed in the work described 
here, and hereafter are referred to as cavities 1 and 2. Cavi ty 1 
has a phYsical length of 13.3cm. reduced to an effective length of 
12.4cm. by the insertion of 1cm. long end caps to depths of 0.55cm. 
and 0.35cm. (the Q varies with the positioning of the end caps and 
these Values represent one combination which optimised the Q). 
The Coupling hole is positioned 5.8cm. from one end (that nearest 
the focuser). This positioning was dictated by the geometry of 
the box. The cavity is much undercoupled, in order to yield a 
high loaded Q of 8 ,850 ~ 450 (details of the method used to measure 
\0 
• N 
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the Q are given in Appendix B). The coupling hole parameters are: 
diaphragm thickness 0.017", hole diameter 5/64". Cavity 2 has a 
PhYsical length of 11.4cm. reduced to 10.2cm, by end caps inserted 
0. 6cm. in each end. The coupling hole is centrally placed, and has 
a diameter of 1/10" with a diaphragm thickness of 0.008". This 
Cant y is very strongly coupled and has a loaded Q of 6,050 ~ 300. 
Fi sure 2.6 shows the two cavities, wound with heater coils (glass 
cOvered Eureka yare) and sensor coils (insulated copper) for stabil-
ised t\ll1ing. Cavity 1 is of entirely copper construction, whereas 
cav't ' 1 Y 2 1S copper sheathed in brass. 
Stabilisation of the cavity temperature to better than 
1/10
o
C is effected with a modified version of an Airmec N.299 
l'elllperature Controller. This circuit variant (due to G. D. S. Smart) 
giVes act' 1 ' h tin ' t d f 1 
. on 1nUOUS y varl.able ea g current lIlS ea 0 a re ay 
SWitched form of control. A further modification by the present 
~it I 
er is a slow motor sweep of a helipot resistance in the "set 
telllperature" arm of the a.c.bridge circuit. The maximum motor speed 
llhi 
ch can be used to change the tuning of the cavity is governed by 
the th 
ermaJ. time constants. 
Typically the cavities are designed to be operated between 
20 and 30· °c above it . room temperature in order to maintain pos l.ve 
stabilisation • 
Figure 2.7 shows the compooents mounted in the maser. 
l"-
• C\I 
- 52 -
~ Microwave System 
There are three modes of operation of the microwave system: 
crystal video, unstabilised superheterodyne, and stabilised super-
heterodyne. The first, crystal video, is used only in setting up 
procedures, such as the tuning of a cavity resonance. The unstabil-
iSed Superheterodyne mode of operation is employed for most of the 
experiments ca1ducted in the present investigations since it displays 
rapid time and frequency variation of signals. The stabilised super-
heterodyne technique is used to display slow variations of oscillation 
amplitude with changes in maser parameters. 
Figure 2.8 is a schematic representation of the basic 
microwave bridge employed, together with the electronic detection 
system. (The microwave circuit appears in the photograph Figure 2.1(a)). 
The bridge is a version of one aesigned by Herrmann and Bonanomi 
(1956) • 
In the crystal video mOde of operation a saw-tooth wave-
f'Ol'Ul is applied to the reflector of the klystron: approximately 120 
Yolts peak potential is required to sweep the klystron (Elliot-
lytton 12RK3) through a cc:mplete mode. The first detector is 
connected directly to the oscilloscope (Telequipment D53) vertical 
audio 
amplifier, with the timebase triggered by the original 50Hz. 
sa'\V:-tooth. This displays the klystron mode on which may be seen a 
di 
p corresponding to the microwave cavity absorption. The bridge 
". 
Lf. 
amplifier 
second detector 
and filter. 
oscilloscope 
detector 
crystal 
sweep 
cavity 
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" 
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Figure 2.8. Microwave bridge. 
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~an be adjusted for maximum cavity absorption and the resonant freq-
Uency measured vdth the cavity wavemeter, the response of which can 
either be observed as an absorption dip on the klystron mode, or 
by using a crystal detector cormected to the reaction arm and 
diSPlaying the signal on the second beam of the oscilloscope. 
Ammonia at about 10-3torr is introduced into the cavity and produces 
an absorption dip on the cavity response permitting precise adjust-
ment of the cavity temperature controller to ttme the cavity to 
eJCact resonance. 
The microwave bridge permits simultaneous stimulation and 
Observation of maser action under conditions of superheterodyne 
detectl.'on Th ' , 
• e 3OMHz. ampll.fl.er and second detector are inserted 
between the first detector and the oscilloscope amplifier. Consider 
first that the maser is oscillating. Then if the klystron is 
detuned by 30.ffiz, fran the maser transition frequency the two signals 
(Illaser and klystron local OSCillator) ccmbine via the magic tee and 
beat in t he nan-linearity of the first detector to produce a 3CMHz, 
intermediate frequency. The klystron frequency is swept through 
the bandpass of the . d h i. f. amplifier. The signal displaye on t e 
080ill 
oscope corresponds in height to the level of the oscillation 
Signal (for constant local oscillator level), and in shape to the 
bandpass 
of the i.f. amplifier (Figure 2.9(a)). 
A stimulating signal can' be produced by modulating the 
(a) 
(b) 
(0) 
Figure 2.9 
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impedance of the crystal in the other (collinear) arm of the bridge. 
If the modulation is made at 3OMHz. then the klystron wave reflected 
from that crystal possesses two sidebands, one of which is at the 
lUa.ser frequency. The appearance of the stimulated signal is 
X'e' glstered as a beat signal which appears on the bandpass envelope. 
It has a high frequency in the wings and passes through a zero ' 
beat at the central position, the locus of which may be varied on 
the bandpass representation by changing the signal generator 
frequency. 
Below oscillation threshold the stimulating signal excites 
COherent emission from the molecules which beats with the frequency 
'V'arYing stimulating signal to produce a changing beat frequency. 
Pi 
glJre 2.9(b) shows this signal. The decaying envelope represents 
the 'eff t ' 
ec of bandpass restrictions as. well as the decay with time 
ot' the induced molecular ringing signal. Figure 2.9(c) shows the 
beat ~ign~ that registers the onset of oscillation in the maser. 
T~e stabilised superheterodyne mode differs from the 
tlnstabili > ~~ mode of operation only in that the klystron is no 
1 .' 
onger Swe~; in frequency but stabilised \v.ith a Micronow stabilis-
ation ' Cl.rc~t (some details of which are given in Appendix B) • 
C '. 
hanges in the oscillation signal are monitored as changes of D.C. 
le"161 on the 
oscilloscope, or on a pen recorder. 
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~ Electronic equipment 
The klystron power supply is an A.P.T. Model K.P. 20. 
The klystron filament heater supply is a transistorised d.c. supply 
designed by Midcentury (private communication). It has been modified 
by the inclusion of a reed svdtch in the mains supply to the K.P. 20. 
The circuit is shown in Figure 2.10. Failure of the filament 
SUPPly will result in Switching off of the high voltages supplied 
to the klystron. Since the thermal time constant of the filament 
is larger than the RC time constant for the E.H.T.. Circuits, this 
deVice ~.pfo"'ds 1 f t t· f th kl t cu.. a arge measure 0 pro ec J.on or e ys ran. 
Figure 2.11 sho~~ the circuit of the klystron frequency 
sweep unit. It is a modification of a television frame timebase 
CirCuit t. . 
o g~ve a l~ear saw-tooth. The output is transformer coupled: 
the 
secondary winding being in series with the reflector lead. The 
saw-tooth is closely linear down to a few millivolts; below, in fact, 
the le~el of ripple on the reflector supply from the K.F. 20. 
The 3alffiz. is. amplifier has a gain of 66 dB and a band-
Width of arnz .. The circuit is described by A. L. S. Smith (1966), 
Who also reviews c~siderations of noise for superheterodyne systems 
SUch as the one employed here. 
Two 30kV. supplies have been used to charge the state 
tOC1.lSers; one, a Brandenburg S 0530 (positive polarity) with a 
stability of better than 0.2,5%; the other, a Brandenburg 800 
-( F1 5A 
F2 
3A 
5B05T 
200 p.F 
-'--
1.2K 
1/'Z{{ 
25v D.C. 
Figure 2.10. Circuit of klystron filament heater supply. 
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(reversible polarity). The feature of reversible polarity permits 
the operation of the focuser at a potential up to 60kV., by connect-
~g the two focuser plates at + 30kV. and - 30kV. with respect to 
earth. Both units are radiofrequency units (100kHz. and 12kHz. 
respectively), and an RC smoothing is required. The high resistance 
(375 Mfl) in series with the supply also serves to reduce the 
current that can be drawn when breakdown occurs in the focuser, 
thus minimising damage to the focuser. 
The lead-through to the state focuser is a long-reach 
SPark plUg, suitably maclrined, and mounted in an Araldite casting . 
It has been found that sparking is reduced if the lead fram the 
Brandenburg is terminated by 125M.Il. in the spark plug. This is 
presumably a result of better matching for waves propagated along 
. I . 
the lead when sparking occurs. 
~ Operation of the maser 
The maser has been operated as an oscillator without the 
benefit of pumping with surfaces cooled by liquid nitrogen. For 
high power operation (comparatively speaking, since the oscillator 
delivers only about 10-10 watt.) the pumping by diffusion pumps 
1e a\l.gmented with pumping from three liquid nitrogen traps. 
A further gain in power can be made by operating the 
maser With a cooled nozzle. 
The operating characteristics of the maser under these 
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Varying conditions are detailed below. Since the characteristics 
of maser operation have been examined in detail by previous workers, 
attention is focused only on those features which are comparatively 
novel (the thesis by A. L. S. Smith (1966) details investigations 
of Velocity effects and also reviews previous investigations of 
maser parameters). It emerges that the design feature of a remotely 
controlled variable iris diaphragm is a very desirable one, for it 
Permits an easy transition between optimum conditions for various 
experiments. 
Ji0 Operation \v.ithout liquid nitrogen pumping 
Operation of the maser without liquid nitrogen is 
critiCally sensitive to the iris aperture. It must be stopped down 
to about 1 am. 
Two sets of characteristics are plotted: one of variation 
of OSCillation amplitude with change in nozzle pressure at fixed 
focuser voltages; the other, the variation of oscillation amplitude 
With change in focuser voltage at fixed nozzle pressures. (Figures 
2.12 and 2.13) These graphs are sections of a three-dimensional 
function. A model representation of this function is shown in the 
Photograph Figure 2.14. 
The oscillation amplitude is plotted in terms of the 
height of the oscillation signal on the oscilloscope screen. 
Since the main value of the characteristics is the indication 
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they give of trends, and of thresholds and optima, a lmowledge of 
the law of response of the system is not usually required. However, 
if a quantitative comparison of oscillation amplitudes is required 
to relate changes to theoretical predictions, then it is necessary 
to determine the relation between size of a signal on the oscillo-
scope screen and the field within the cavity. 
The law of response has been determined by using a second 
klystron, heavily attenuated, as a "mimic" signal for the maser 
output. Figure 2.15 sho'\'lS the microwave circuit. The microwave 
bridge is set for a comparison between two sets of oscillation 
conditions. When the comparison has been made, then without alter-
ing the bridge settings, the second klystron is switched on and 
the maser switched off. A note is taken of the attenuation required 
to produce signals ranging in size about the level of the signal 
produced by the maser oscillation. The variation is plotted in 
graphical form as dB of attenuation versus logarithm (base 10) of 
response (Figure 2.16) This graph permits evaluation of the law 
of response (from the slope) and also a relative power comparison 
for particular oscilloscope signal voltages. The method yields 
only relative powers since, of course, it does not take cognisance 
of the attenuation effect of the coupling hole in the cavity. 
However, it seems reasonable to argue that the coupling attenuation 
factor (QL/ Q~) is not likely to vary over a small power range, so 
x 
O~I K 
/V 
Figure 2.15. Scheme devised f'or the determination of' the law of' the response 
of' the detection system. 
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that the response law is a fairly reliable indication of the change 
of field in the cavity. 
The "mimic" signal is at very low level and thus it is 
necessary to determine that the signal registered at the detector 
has been propagated via the waveguide and is not a leakage signal 
'Which has bypassed the at tenuat or • Ideally, choked flange couplings 
should be used, but since these were not available the leakage was 
minimised by using aluminium foil shields around the cornponents. 
The level of leakage coupling was determined by noting the fluctuat-
ions in level consequent upon moving metal sheets near the bridge. 
It was possible to reduce the leakage to an acceptable low level. 
Another point to be made about the characteristics is 
that for the higher voltages the meter indications on the Brandenburg 
generators are not reliable. If there is a small leakage current 
in the focuser insulation then there occurs a drop of voltage 
across the 500 M.C1. resistance in the leads. The only test equip-
ment available was restricted to the range 0-20kV. Tests with this 
revealed a small drop in voltage which may assume greater proportions 
in the higher ranges. The change in field in the cavity with change 
in focuser voltage at high voltages has been monitored by means of 
the frequency modulation of the oscillation transient (discussed 
later) which is a more reliable indication of field than the ampli-
tude on the oscilloscope. It has "been observed that non-monotonic 
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changes in the amplitude with increasing voltage attributable to 
vol tage drop have always been accompanied by sparking (which shows 
as spikes on the oscilloscope trace). It is therefore felt that 
the characteristics are not subject to a marked non-linearity 
attributable to leakage currents. 
The total molecular flux at the optimum nozzle pressure 
at 30kV. (1.5 torr) has been determined by noting the change in 
pressure of the gas in the reservoir for a steady flow with constant 
Pressure in the source chamber. This yields a value for the flux 
of 8.7 (~ 0.4) x 1017 molecules per second. For this flux the . 
pressures in the main chamber and forechamber are respectively 
1 X 10-5torr and 5 x 10-4torr. 
~) Operation of the maser with liquid nitrogen pumping and a 
cooled surface 
Figures 2.17 and 2.18 show the maser characteristics for 
Operation with full liquid nitrogen pumping and cooling of the 
nozzle to -6000. Figure 2~ 19 shoVis a typical characteristic in 
terms of the amplitude of the oscilloscope trace and in relative 
Power. 
Cooling of the nozzle can be expected to yield an increase 
in maser oscillation p~er for two reasons: it increases the pop-
Ulation in the J = 3, K = 3 state (about 6% of the total pop-
Ulation at roan temperature), and it reduces the average molecular 
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velocity, thus increasing the interaction time which, in turn, 
increases the transition probability. 
It was noted earlier :in the chapter that the population 
in the rotational states varies with temperature T~ as T-3/ 2• 
Smce the power emitted by the beam is directly proportional to 
the number of active molecules this population varia~ion contributes 
to the power of the maser a factor T-3/ 2• 
Krupnov and Skvortsov (1965) suggest that the transit 
time "t;" contributes to the excitation parameter a factor prop-
2 -1 ortional to"C , :in turn proportional to T • However, under 
partial saturation conditions where many of the molecules oscil-
late betwe~n the levels during the transit time (as evidenced by 
the oscillation transient seen in this maser) the contribution to 
the power from increased transit time is expected to be small. 
The nozzle is cooled via a copper bridge to the liquid 
nitrogen trap (a large mass of copper) J and thermalisation of the 
gas at the lower temperature is aided by pacldng the source chamber 
With spiral turn:ing~ of copper. The chamber is thermally isolated 
from the carriage with P.T",F.E. bushes. 
The temperature of the nozzle is monitored by noting 
the change in resistance of a sensor coil of copper wire mounted 
in contact with the nozzle chamber (the nozzle assembly with 
sensor and heating windings can be seen in Figure 2.3) This has 
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been calibrated in the range -1500 C to +200 C by A. Codling in a 
cold gas flow system devised for an E.S.R. spectrometer. The 
resistance of the wire changes from 13.3 ohms at room temperature 
to 7.5 ohms at 170'1c, the minimum operating temperature possible 
with the present scheme. The critical point for ammonia occurs 
at about 1950 K and 45 torr. The nozzle has been stabilised some-
What above the minimum temperature, at 210'1c, with an Ainnec N .299 
Temperature Controller. 
Comparison between the oscillation powers for the two 
cases of liquid nitrogen pumping plus cooling of the nozzle, and 
liquid nitrogen pumping only, is made by operating the maser with 
the nozzle cooled and then heating it to room temperature, and 
noting the change in amplitude of the oscilloscope signal. The 
corresponding change in power is then obtained fran the response 
calibration graph. 
The oscillation threshold changes from 23kV. (1.7 torr) 
for operation without liquid nitrogen purnping, to 13kV. (2.5 torr) 
for liquid nitrogen pumping only, and then to 10. 5kV. (2. 5 torr) 
on cooling the nozzle. These thresholds are for nozzle pressures 
which give high output. The absolute thresholds, with minimum 
nozzle pressure, are somewhat lower (21, 10, 7.5kV. respectively). 
The power ratios for the various modes of operation 
are approximately: 
---
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(a) without liquid nitrogen pumping , at the optimum 
1 .5 torr nozzle pressure and 40kv', power tIDi ty ; 
(b) with liquid nitrogen pumping in the main chamber 
only t 
(i) at 1.5 torr and 4OkV., 
povrer 2 , 
(ii) at the new optimum 2.8 torr and 4OkV., 
power 2.7; 
(c) with liquid nitrogen pumping in both chambers~ 
(i) 1.5 torr, 40kV" power 2, 
(ii) 2.8 torr, 4Okv', power 3. 
The power ratio for the change in nozzle temperature 
from 2930 K to 213'1<:.:!:. ,'1<: (at 50kV. and 2.5 torr nozzle pressure) 
is 1.6 ± 0.2, which is close to the ratio of (213)-3/2/ (293)-3/2 
of 1.61 .:!:. 0.05. The T-5/ 2 dependence yields a ratio of 2.2. It 
may thus be reasonable to argue that the contribution to the power 
afforded by cooling the nozzle consists mainly of the change 
wrought in the population of the 3,3 level. However , it can be 
argued (Chapter IV) that conditions for observation of the 
oscillation transient are favoured by increasing the transit time. 
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CHAPTER ITI 
THEORIES OF MASER BEHAVIOUR 
1..1 Introduction 
The analogies established in recent years between maser 
behaviour and macroscopic devices have proved a fruitful source of 
understanding and prediction, and have stimulated the search for 
prinCiples underlying phenomena in diverse fields. 
The most important one has been the analogy between electric 
diPOle systems and magnetic dipole systems. Much of the formalism 
of nuclear magnetic resonance theory can be interpreted to clarify 
behaviour of electric dipole systems. This involves utilising a 
macroscopic analogue since, 
(a) the behaviour of a two-level system coupled by an electric dipole 
transi tion is equivalent to the motion of a spin 1/2 magnetic dipole 
precessing in a static magnetic field and subject to the influence 
of a time varying magnetic field, 
(b) this in turn is equivalent to the motion of a macroscopic magnet-
ized gyroscope in the magnetic field. 
Much of this chapter is devoted to discussions of various 
facets of the interaction of radiation with two-level electric dipole 
sYstems, where the behaviour can be interpreted in terms of the 
analogous effect in a magnetic resonance system. 
Consider first however another macroscopic maser device. 
-------------------------------------------------
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3.2 Dehmelt's macroscopic embodiment of the maser principle 
Dehmelt (1968) proposes a gravitational analogue for the 
simulation of the interaction between excited molecules and a resonant 
circuit. For the analogue of the cavity he suggests a rigid pendulum 
which oscillates in the plane of the diagram (Figure 3.1). For the 
atom he chooses a loaded gyroscope of 'which the precessi on frequency 
due to the gravitational pull on the loaded M is the same as the 
oscillation frequency of the pendulum. In the excited state the 
~ 
Vector A pointing fran the centre point of the suspension to M is 
. directed upwards, and in the de-excited state, down. The choice of 
the gyroscope is governed by the considerations of the correspondences 
disCussed above, only here the magnetic field is replaced by a 
gravitational field. 
The two oscillators are coupled by means of a light, soft 
SPring connecting a point on the rod of the pendulum close to the 
fulcrum to one on the axis of the gj'roscope. Then the excitation of 
the pendulum is nearly proportional to the rotating component of the 
Vector A, simulating the excitation of the cavity by the fluctuating 
atOOrtc dipole moment which appears during transition. The flow of 
~ 
eXCited atoms into the cavity is imitated by forcing A into the up-
~arda position at a random rate (since the phase of the rotating 
cOlllponent of A is detennined only by the phase of the oscillating 
Pendulum) • The macroscopic maser then behaves like an atomic one. 
------ ---
spring 
gyroscope pendulum 
Figure 3.1 Macroscopic maser (after Debmelt, 1968). 
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Assuming sufficiently weak damping of the pendulum, any random 
(thermal) disturbance of the system will result in the oscillation 
of the pendulum growing exponentially, as energy is transferred to 
it from the gyroscope. 
~ 
During this process A gradually tilts 
towards its equilibrium position of lowest energy. The amplitude 
of oscillation of the pendulum is limited by the nan-linearities of 
the system. 
~ 
The rate at which A tilts (radiation damping) is 
determined mainly by the friction at the fulcrum of the pendulum. 
Dehmelt also suggests that more than one gyroscope may be 
coupled to the pendulum simul teneously. This idea may be utilised 
to describe the phenomenon of super-radiance. Consider that the 
pendulum is oscillating, then the rotating components of the vectors 
~ 
A of the gyroscopes are ordered in phase by the pendulum (field). 
In order to simulate a pulse of radiation which puts the gyroscopes 
into a super-r~diant state (tV 1T /2 pulse), it is necessary to imagine 
, that the pendulum is at first still then made to oscillate, and then 
stilled again. The gyroscopes are coherently excited and subsequently 
cOoperatively "radiate" their energy to the pendulum. The time taken 
tor the system to "radiate" spontaneously and coherently can be very 
much shorter than that for an incoherent de-excitation of the gyro-
SCOpes. If' the gravitational field in which the gyroscopes are 
placed is very inhomogeneous then the rotating components of the 
Vectors A can move out of phase quite rapidly (in a time -vT2'*) and 
the coherence be lost. 
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3.3 Eberly's pendulum analogue 
The phenomenon of coherent self-induced transparency 
(discussed later) has been described in terms of the motion of a 
classical pendulum. Eberly (1968) has shown that such a picture 
has quantitative validity. 
He considers just one atom interacting without loss with 
a single mode of the radiation field. The semiclassical Hamiltonian is 
Yf = tiO - ME(t). 
wheredfo is the unperturbed Hamiltonian, M is the ccmpanent of the 
electric dipole moment operator in the direction of the electric 
field, and E( t) is the electric field strength. The equation of 
motion 
L~(d/Ot)< )==( [ , u ]), 
.in conjunction with Maxwell's equations for the single mode, leads 
to a set of coupled non-linear equations: 
(MJECt), 
- - A <J-fo) E (t), 
cr fl.? (M), 
(d 
(2.) 
( 3) 
where A= (2fvl/-ft )2, fA- is the atonic dipole moment, andrJ' is 
practically a constant. 
Two exact integrals of motion exist for equations (1) - (3) • 
These are: 
--
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(M>'2 +J1 2 (M)Z+ A(J{o)1.. ~ == fA- 2il z (1-) 
(20-)-1 (E2 f- ill E Z) -t- < de 0> - (M) E (-6) = V\0 (5) 
where the constant vr is the total of field + atom +interaction energies. 
Transferring to a rotating frame of reference serves to 
eliminate variables other than <Jeo) . By differentiat ing again 
the (Jfo) equation and using the conservation laws (4) and (5), 
Eberly derives a non-linear equation for the time variation of Z d'CD > 
alone: 
(t/crA)( }Co>:=: 3 <Uo>z- 2.W(KD)-(±¥tI2.)l (6) 
Equation (6) is in the fom of the equation of motion of 
a classical particle in a potential well. Multiplying both sides by 
• X 0 and integrating once, then making the change of variables ( ae 0) = ( 1 fl a) cos e, 
the transformed equation becanes 
• 2 D1... y e + + .J:L n. cos e 
.5LY12. e 2. 
lihere D2 is a constant. This bears a quantitative correspondence with 
the equation for a spherical pendulum of mass m, 
of inertia I = ml2: 
• '2.. i Ie + L2. /zIsi tt2 9 + YYl.9L C05 e 
length 1, and moment 
~ w. .' (8) 
This establishes the quantitative validity of the pendulum 
Picture of the change with time of the atom's energy. 
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Similar considerations of super-radiance phenomena given 
in the previous analogy apply here. 
3.4 The theorem of Feynman, Vernon and Hell1"arth (1957) 
Feynman et al propotmded a theorem which establishes a 
rigorous analogy between the behaviour of any non-interacting two 
quantum-level systems subject to a perturbation, and the behaviour 
of spin 1/2 systems in a magnetic field (the systems do interact via 
the common radiation field, but are non-interacting in the sense that 
the spatial wavefunctions do not overlap). The Schr8dinger equation 
is transformed to the formalism of a three-dimensional vector 
equation 
) 
Where the components of £ uniquely determine the wavefunctian ~ of 
the system, and the components of ~ represent the perturbation. 
".t" space reduces to physical space when the magnetic interaction " 
~th a spin 1/2 system is considered. By this means the technique 
and formalism of the theoretical techniques of magnetic resonance 
may be brought to bear on problems of the behaviour of a pseudo-electric 
diPOle moment in an abstract space. The precession model renders 
POSsible intuitive solutions of many problems. 
Before ccnsidering the theorem it is worthwhile reviewing 
SOtne aspects of the precessioo model. 
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~a) The magnetic precession model 
The time variation of the expectation value of the magnetic 
manent of an atom is given by 
= 
where}e is the Hamiltonian and fA- ' the magnetic moment operator, 
does not depend explicitly on time. This may be transformed (Yariv, 
1967) into 
~ < fl> /\ H 
olt 
Where.!! is the magnetic field and if = 3.:1' f3 / {\:. (gJ the fIg 
fa.ctor", p ::: e:fl 12111 c, is the Bohr magneton). Ccmpare this 
With the classical equation of motion of a spinning magnetic manent JJ=-
haVing angular manentum ~: 
Which for fA _ ~.J" becanes 
dl4 = 'tjiL 1\ H. 
eft 
(In what follows the expectation value (~) is denoted simply by J.d= ). 
Consider the behaviour of the magnetic manent /b. in a 
static magnetic field H = (O,O,H
o
)' The equaticn of motion 
d.M; _ .~f& 1\ H , 
cit 
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has the steady state solution 
CO'}1stetJtt _ 
5Ln e (05 fvtx - /f\l 
_/ JA-/ S lYl e s ~n 
- If/ 5~tt e .sLyt 
/ fll cos e , 
( ~ Ho t ), 
(YHot) ~ (I JlI Ho t) 
This corresponds to a precession of ~ about the +z direction at 
a radian rate W = / 'II H 0 with an inclination angle e that 
depends upon the initial conditions (Figure 3. 2( a) ) • 
It can be seen that a time-varying magnetic field with 
transverse (x - y) components varying at a radian frequency W r'\J i Ho 
'Hill "keep in step" with the precession of f-!:. and exert a steady 
torque which will tilt the magnetization vector. 
It is convenient to transfer to a rotating frame of reference 
in which the observer moves rotmd H wi th the magnetic dipole a.t the 
o 
precession frequency. 
The equaticn of motion in the rotating frame is 
~f-! ;\ H - W /' f-i. 
~ /!.. 1\ (11 -j- 11 · 
ThUs it is possible to view the motion of ~ in the rotating frame 
Using the equation of motion with an effective magnetic field 
H~ == H + (.\) 
T 
If the moticn is one of precession about the steady magnetic 
~-----....... 
_ (a) precession of magnetization vector about a steady magnetic field 
z 
H. 
(b) the rotating coordinate system 
!igure 3.2 Magnetic resonance (after Yariv, 1967) 
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field li = kHo ' then choosing cv = - ~ J-i = - k ~Ho I l!e = 0, 
and so a /:&/ot = o. The magnetization as viewed in the 
rotating frame is a constant with an inclination e about the z axis. 
Consider next a magnetic manent J:!::. subjected simultaneously 
to a d.c. magnetic field! Ho and an r.f. field L H, tos wt + jH15i~w"t 
which corresponds to a field H1 with a counterclockwise (positive) 
circular polarisation at an angular rate UJ. The effective field 
in the rotating frame is then 
H = i H1 
-e -
'Which is time independent. It has the magnitude 
He = [H~ + (Ho - I~I) 2] t 
The inclination angle with respect to the z axis is e where 
CO.5 e - H 0 - w / I ~I 
He, 
The equatianof motion corresponds to a precession at a 
rate '~I He" about l!e with a constant inclination angle. The preces-
sion seen "in the rotating frame is shown in Figure 3. 2(b) • The locus 
of the tip of t! is a circle with f3 = I t I He.. t . For ~ 
Parallel to the z axis at t = 0 
COS C( _ COS 2. e -t sin,2.e coS ( I ~ I He, t ), 
_ I - 2 su,?' e s~ ~ ! (I ¥ I H(!;t) , 
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where C>L is the instantaneous angle be tween }::i and the z axis. The 
Z component of the magnetization is 
( fA. z > = (f-t zJ ma,K CO S (X • 
At resonance, W = ~Ho - Wo ' He= H1 , e = Tf/2 , 
and the precession cone degenerates into a plane. 
It is possible to remove the remaining time dependence by 
transforming to a doubly-rotating frame rotating about H • 
e 
"0 fA.. /ot . = 0 in this frame as lang as He is constant. 
~) the geometrical representation of the SChr8dinger Equation . 
Feynman, Vernon and Hellwarth transform the Schr8dinger 
equation in the following manner. 
The wavefunction for an individual molecule is 
}V (t) = a, (t) ~ + b (t) l4 
~ 'l and Pb are the two eigenstates of the Hamiltonian for the 
single system corresponding to the energies W + 11 Wo /2 and 
W - 11 CUo /2..- respectively. W is the mean energy of the two 
levels determined by velocities and internal interactions. W is 
taken as the zero of energy for each system. Wo is the resonant 
angular frequency for the transi tian between the two levels. 
A three dimensional vector .!: is constructed with real 
canpcnents 
r 1 - ab* + ba* , 
r 2 - i(ab*" - ba~, 
r3 
-
aa~ 
-
bb~ 
------ - ---
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The time dependence is given by SchrBdinger's equation 
and similar equations for the other coefficients. The matrix elements 
Vaa = Vbb = 0 for the case of interest. Solution of the two sets 
of equations gives 
dY'- = W 1\ Y'" 
d:t 
'Where W is a three-vector in ,;: space defined by three real ccmpcnents 
WI 
Wz 
W3 
= 
-
-
(VOvb 
L (Vttb 
Wo . 
The remaining real combination aa ~ + bb* is equal to the length of 
the r vector, and is constant in time. It is equal to unity when }!J 
is normalised. 
For transitions between the two levels of a spin 1/2 particle, 
.£ Space reduces to physical space with r 1 , r 2 , and r3 proportiooal to 
the expectation values of r<x I fA.}J and JA.-z ' and W, J W;1..' W3 
Proportiooal. to the compooents of the magnetic field H , H , and Hz' 
. x y 
Feynman et al analyse a beam maser oscillator in terms of 
their formalism. They ccnsider a beam of molecules which enters a 
lll1crowave cavity which is near rescnance with a .i::l m = 0 
transition of the molecule. Chly those molecules in the upper energy 
state enter the cavity. It is assumed that the cavity mode shape 
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permits the molecules to see an oscillating field of constant 
amplitude and p~e. W, is separated into two counter-rotating 
Componen ts in the 1-2 plane. , and then the perturbation is viewed in 
the rotating frame in which the appropriate component of cJ, appears 
stationary. The other component rotating at 2W, relative to the 
rotating frame is neglected. The rotating axes are designated the 
I, II and III axes. The I axis is taken in the plane of the station-
ary driving torque which has the constant ccmpanents 
WI = I w,1 / 7. 
Wrr = 0 
WJ1I. = Wo -W, 
Where W is the frequency of the perturbation. The molecules enter 
the cavity with 1: = ill and at a time t later the ccmponents r I and 
r II are 
is the magnitude of the driving torque 
as seen in the rotating frame. 
These results are transferred to the stationary frame by 
ChOOsing the time reference so that 
W, 2 WI Cos (w t) • 
Then ~ ~ (t) CoS [wt + J{-t)] 
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where r( t) is the magnitude of the projection of £. on the 1-2 plane, 
6' (t) r 1 is represented by (rI + 2rII). 
Asstuning a thin beam the complex polarization per unit length P is 
z 
(n / v)JA.ab (rI + irII). n is the munber of molecules entering 
the cavity per second, with a velocity v. 
The electric field is written 
r E ( ) C' (t)" L c.v t' 
_t:. = -c 'X,:i,Z v t;..' 
where [, is a real amplitude, constant in the steady state of oscil-
lation, and E describes the normal mode configuration. Then Maxwell's 
-c 
equations in complex form give 
W2. [£ Ec, +- (4-7T Ec /1 E"I) pJ 
;- ~ C w Wc / Q ) Ec 0 -t- w/ E c t, - O. 
We is the resonant frequency of the cavity and Q is the quality 
factor of the cavity. Integrating this equation by .!c over the 
cavity volume V gives in the case of a very thin beam 
- (,J 2 [E. +- (4- rr n / V ) fA a.b 1 L f V -t: ("'1 + i'1L) d zJ 
+ i (W We / Q ) S 't- We 1- E = 0 J 
~here V is the volume of the cavity, and f is the cavity form factor. 
rt e z 
2. (I - cos e) . The imaginary part of this equatioo gives 
, 
is the threshold number of molecules per second required to sustain 
oscillaticn. e is the total angle Il. L / v through which each r 
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precesses about the effective GU • This determines the spread of 
frequency over which oscillations can occur. 
The real part of the equation yields 
c.J - w Q 1- COS e (,00- cJ 0 
\- (SLrte)7e ~ . w- We rrQ 8 Wo - We" 
where Qe = 2.11 Wo L/v ~ Wo / D. w 
describes the natural molecular resonance linewidth. These are the 
results of Shimoda, Wang and Townes (1956). 
It is seen that the analogue can yield quantitative results 
in agreement with results derived by other methods endowed with less 
transparency. 
~.5 Two-level transition probabilities. 
Consider the changing probability of a transition during 
a spin resonance experiment. The treatment given below follows that 
of Baym (1969). 
Using a Schr8dinger representation the spin state obeys 
the relation 
~ 11- d J {I (t» = _ €; 11 .JL (Ho ~ + H,cas cut 0;) / ¥(tJ) 
dt 2mc. l 
Oi. is the Pauli spin matrix. 
The transformation to the rotating frame can be achieved without 
eXplicit calculation by writing 
17}(t) = ~ iW-COZ /Z I i[f'(t». 
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Substituting this into the above equation and multiplying on the 
- ~w a::t/~ left by e Z gives ~ 
L cL 11lJ' (t) > :: [w - wo 0;. _ kl,cOS cv t( e- i r.JOZ t /:z. 0:;,. e i <J az/ ~ j i[I !t~, 
dl 2 . 
where 0, :: ge H1 / 4mc. The H1 field is a linear one of which 
only one rotating component is effective. 
Now 
COS wt (e- - ~WOzt/2 0: e- LcJo;, t/-;.. ) 
. X , 
t LWa-:t :: COS W o-x e. ~ , 
:: o-x (cos 2 £A) t + i (J"" z COS w t sin. t() t), 
:: <Jx. t 1- (cr X cos 2 w t 1- CTjj sin 2 w t) • 
2 2 
The two high frequency terms result from the counter-rotation component 
of the r.f. field; they produce high frequency wiggles in 11f' (t» 
and may be neglected in considerations of the average motion of the 
Spin. Thus 
e-- i .0.tii-/2 I~/(O» , I"Y! / (t)) :: 
where 12 :: ~ W - Wo ) 2. + 4.> I 2] h: . 
"" and cr :: W-W OZ W, OX 
1'\ 2. .a 0 .0.. 
'With 0- :: 1 • 
Thus 
t'¥ (t) = 
This result may nqw be used to compute the transition probabilities. 
Suppose that the initial state of the spin is along ~: 
1 
transiticn 
probabili ty 
Figure 3.3 Transition probabilities 
------------------------------------------------
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The amplitude for the spin having flipped over to the state I; J ) 
at time t is then 
(2 ~ If Ct» = e, - i, wt/z (2'-.j, I (cos ~ t< ~a- sit' ~ tjJ;;; 1> 
= -i~ - L W t/z < z J /8- I :z. i> .5 LtL ~ t , 
and the probability that the spin has flipped by time t is 
PJ (t) = I <~J {if (t»/7-
=~} (l - COS .fl. t) . 
Zn.2.... 
The maximum value of P ~ (t) is 
W 2. = I W, 1... 
.1l.'2. (w- WO )2 t CAJ,:L 
and occurs after a 1T pulse, i. e • n t = 11 . 
The dependence is shown in Figure 3.3. For W - VJ 0 » W I this 
tnaxiIuurn probability is very small, but for resonance, · W = Wo ' the 
Illaximurn probability is unity; the spin has flipped with certainty. 
l:..§.. Transient aspects of two-level behaviour 
In this l:jection a number of transient effects are considered. 
}.tost Were originally observed in magnetic dipole systems, but seme 
have recently been produced in electric-dipole, laser systems. 
~Wiggles" 
Figure 2.9(b) displays the electric dipole analogue of 
the well known magnetic resonance "Wiggles". They arise when the 
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system is excited into a superposition state by means of a rapid sweep 
in frequency through the molecular resonance. The coherent emission 
from the system beats with the receding stimulating signal. The 
different forms the wiggles may assume are discussed by Andrew (19'58). 
The sweep must occur in a time short compared with T1 , T2 
end (~S Ho) -/, where 6 H 0 is the inhomogeneity of the steady field 
lio over the specimen. The beats have the form 
(~Xp - t /T;l) COS ('1l Y Ao t.1.), 
end so their persistence is a measure of the degree of phase coherence 
permitted by relaxation processes. 
The electric dipole analogue has been observed in molecular 
be.runs in emission (La:ln{, 1966), and absorption (Laine' and Kakati, 
1969). Recently Laine- et al (1969) have shown that the effect may 
be obtained in the bulk gas and used to measure relaxation times. 
It is interesting to note that an accurate measurement is precluded 
in the case of N 1 ~3' because the sweep signal causes excitation of 
the quadrupole lines during the decay time of the main line polaris-
ation. The coupling of the two lines via ccmmon energy levels is 
~ifested as a perturbation upon the decaying wiggles. 
~ oscillation transient 
Singer and Wang (1 961) have shown that, in general, an 
amplitude modulation of the output of a maser oscillator will be 
. Observed, provided that the rate at which excited atcms is supplied 
~--
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does not much exceed the depopulation rate due to coherent emission. 
The outline of their analysis is reproduced below. 
They consider a two-level system with level separation 
11 Wo The two eigenstates are u2 (upper) and u1 (lower) with 
time dependent probability coeffecients a2(t) and a1(t). The 
Population difference is N • 
e 
The coherent induced radiation rate of the excite~ molecules 
(neglecting collisional relaxation processes and spontaneous emission) 
is given by 
For resonance, 
d 
rJt 
the values of a1 and a2 are 
/p.)tl/ Z = sitt 1. (ltp Eit) eLt) 
I Gt:t (t) /2 = ('OS 1. (it; I' ~ (t) dt) ) 
~he~e E1 is the oscillating electric field, and p is the effective 
dipole moment (suitably averaged over all directions - a factor of 
1/3). The integral takes into aCCOlmt the variation of E1 with 
the emission. 
Next consider the equation describing the growth and decay 
at the radiation field. The change in stored energy is 
[ (;4~[l + c.Jo € Eil J 4lTx2.Q J -clt , 
----
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where Q is the quality factor of the cavity. The exchange of energy 
between the molecules and the radiation is described by the equation, 
~ (E,2)-t- 6.)0 E,l = 4-1fNe..fh Yo ..d [cos 2 1ft PE,(~)dt)J 
cit 2 Q. cit (Jo 1L ) 
F is a filling factor for the cavity. For an ammonia maser, which 
is excited and then allowed to radiate N is assumed to be constant. 
e 
For pumped masers an additional term must be added. 
The solution of this non-linear equation gives the line 
shape of the emitted radiation. An appro~ate result of the solution 
is that the oscillation amplitude will be modulated at a frequency 
The results of Singer and Wang can be interpreted in a 
Simple fashion. UJ 1 is the angular frequency at which· particles 
OScillate between the two levels, alternately emitting and absorbing 
radiation. In other words, the modulation frequency is a measure of 
the rate at which energy is transferred back and forth between the 
lllo1ecules and the field. The mechanism of the process may be viewed 
int he following manner (Uspenskii, 1963). 
When the number of particles in the cavity is sufficiently 
large, the energy output is greater than the energy losses and the 
total. energy in the cavity increases. This, in turn, increases the 
:PrObability of downward transitions~ and thus results in an even 
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greater increase in the field. In this process, however, the number 
of particles d.ecreases and finally the energy gained becomes equal 
to or even less than the energy lost. The cavity now contains a 
fieid and a proportion of the particles at the lower energy level. 
The energy in the field can either be absorbed by the walls of the 
caVity, or it may leave the cavity, or it may contribute to raising 
~ome of the particles to the higher level. For ·a high Q cavity and 
a long transit time, this latter process has the greatest probability 
of the three. Thus in a large field the particles will be raised to 
the higher energy level, and the field will decrease. This corres": 
Ponds to the trailing edge of the pulse (which may be superimposed 
on a constant level of oscillation). The cycle is then repeated. 
Uspenskii derives a non-linear equation from the equation 
for the conservation of energy and shows that the onset of the 
PUlsations occurs for the condition 
0 0 I 
-4- Q r: 
On the basis of this condition one would not expect an ammonia maser 
.to exhibit ~uch behaviour spontaneously. 
Basov et al (1966) have studied the conditions for pulsations 
in masers and lasers. They show that it is possible to excite osoil-
lations of the radiation intensity below the condition for se~f­
SUstained pulsations if the number of active particles entering the 
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resonator is modulated periodically. They argue that for typical 
Parameters of an romnonia maser a Q of about 25-30,000 is required, 
With a 1q1o modulation. This is for a period of 5.10-4 .seconds. 
The interval between pulses is 4.10-4 seconds and the duration of 
each pulse is 0.9.10-4 seconds. 
Grasyuk and Oraevskii (1964) attempted to induce the 
amplitude and phase transient in an ammonia beam maser by applying 
a high voltage pulse to the state focuser. The effect failed ,to 
materialise, and they reported that they believed the result was 
Vitiated because the establishment time for the beam of active 
molecules may have been of the order of the transit time through 
the focuser and resonator. 
The effect has been verified for the atomic hydrogen beam 
lllaSer (Nild tin and Strakhovskii, 1966, and Audoin, 1966) • Conditions 
in the hydrogen maser are somewhat more favourable than those for 
the ammonia maser: switching of the discharge that supplies the atomic 
beam Can be achieved in a time very short compared with the time of 
storage in the bulb (I"V 1 second), also Q multipliers can be employed. 
It has recently been proved possible to induce such a 
tranSient in the ammonia beam maser (Laine" and Bardo, 1969). The 
lllethod of switching does not involve modulation of the number of the 
Particles in the beam; it is better regarded as a kind of "molecular 
Q SWitch". A slight variation of the method has yielded an induced 
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SPiking for a restricted period. 
In parenthesis it is interesting to compare the condition 
for the oscillatory approach to the steady state of oscillation given 
by Grasyuk and Oraevsld.i, with that given by Ccmbrisson (1964) for 
the magnetic dipole case. 
For the ammonia maser, Grasyuk and Oraevskii derive the 
condition (for exact resonance) 
b > 9/8 
where b is the excitation parameter defined in Chapter II. 
Combrisson gives the condition 
S > 1 · + 1 T2 
Qo 8 T1 
tor a damped oscillation and with a time constant 2T1 and a frequency 
.0. = _1_ 
'LjT/ Tz. 
• 
Qo is the threshold value of Q for steady state oscillations. T2 and 
T1 are normally regarded as equal in magnitude for the ammonia beam 
lXlaser. 
~ Echoes 
The observation of the electric dipole analogue of the spin 
echo in ruby was reported in 1964 by Kurnit, Abella, and Hartmann. 
It is interesting to note their analysis. 
They consider a volume small canpared to A '.3 • The 
---------------------------------------------------
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, Hamiltonian for each of the two-level systems is written as 
Jf = -.f2- £ , 
where the pseudo-dipole manent is defined by 
-J2 = /Z P (R- (2 + R..:L Y --r R3 Z ) , 
and a pseudo-electric field is defined as 
f = [Ex X + Ey y (1iil/1i P)z] , 
Only excitations of the form E = E cos en.. t + e), 
x 
E = E sin (Sl. t + e) cause transitions. y 
The operators R are those defined by Dicke (Chapter I). 
p 'is given by I < + I P 1-) I , where P is the electric 
dipole moment operator. Jl is the frequency separation of the , 
two-level system. Only the transverse ccmponents of .E. represent the 
actual dipole manent. .E. behaves in an analogous fashion with a 
magnetic dipole moment, thus, 
d. <.p > = '6 (~> 1\ ~ , 
dt ' , 
"hich follows from the quantum mechanical formulation, 
de- = --1:. 
d.t {{ < -12> = trace e12 ' 
together with the definitions of }{ and .E.. The analogue of Bloch's 
equation is reached by adding the phencmenological relaxaticn terms, 
~ <.g > 
cLt 
< p)<) X l' (Py); 
Tz.. 
----------------------------------------
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To explain the formaticn of the echo it is considered that 
. the resonance line is inhomogeneously broadened, and this is taken 
into accotmt by writing 
~ < t'J). ;\ E. + J -J) 
'Which in tum implies that Sl varies from place to place. The 
analysis is simplified by trans fonning to the rotating frame, 
e - ~ ..Q R3
t * (l + L.n.. 1<.3 t 
- (!, e ' 
so that the equation of motion becanes 
where <p)~ 
E .* 
-J 
'i <.f2 >j* c .*" (\. _CJ 
, 
- - ,e ( ~ ) [df* ~J ~ 
~ 
J 
.}Q. 
J • 
, 
The Hamiltonian is now time independent. The pseudo-dipole moment 
jUst precesses about the static effective field 5.* . 
J 
---------
--- - -- ---- -- -- .. 
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At time t = 0 all the atcm.s are in the ground state so 
< p j* points along the -~ axis. 
giVen by the density matrix 
If (1/2-
J 
This state is equivalent to that 
rcj~) , 
When the excitation pulse is applied the fields are intense, 
. I..e,. 
and therefore in the rotating frame < E) just precesses about 
= E(cos e " x + sin e y) 
at the frequency ~ E. 
The excitation pulse is applied for a time ~ ,where 
~ E1 C = 1T /2, so that < E)* is rotated into the x-y plane. 
On . A ce the excitation pulse is ove~the effective field is in the z. 
d:i.rection and varies from site to site. . The individual < l? ) ~ 
Vectors begin to fan out in the x-y plane. The macroscopic transverse 
electriC dipole moment formed immediately after the first pulse is 
, 
l'apidly dephased. A second excitation puise is applied a little 
later. This pulse is twice as intense as the first, and causes a 
l'otation of 1f about the effective field. (hce the excitation 
PUlse is turned off, the vectors rotate about the effective field 
giVen by 
~his precession is in the same sense as before the excitation pulse, 
------ ~ -------
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* and so the <.E.) j vectors come back into phase in just the same time 
that it took them to dephase. 
The latitude of timing permitted for the excitation pulses 
is governed by the T1 and T2 relaxation times. The loss of coherence 
occurs in a time A/ T;and is reversible: it occurs as a result of 
inhomogeneous broadening. There are also irreversible processes 
With relaxation times T1 and T2 governing the decay of the longitudinal 
(POPulation) and the transverse (polarisation) components of the 
diPOle moment. 
Oraevskii (1967) has proposed that echoes could be observed 
in a molecular beam maser. The dephasing and rephasing occurs as a 
result of Doppler broadening. 
( T~2) ( is much less than T1 the 
The inverse Doppler width of the line 
time of flight through the resonator). 
Oraevskii proposes the use of a E 1 mode in a cylindrical 
o.m 
resonator. The Doppler width of the line is then of the order of 
IT (V / L) , where L is the length of the resonator, V is the mean 
m 
SPeed of the molecules, and m is the number of half-waves along 
the resonator. Since the time of flight is L / V the condition on 
relaxation time becomes, IT m » 1. m must also be odd because 
the resonator is poorly excited by the molecular beam for even m 
(Klimontovich and Khoklov, 1957). 
The inhomogeneity could also be furnished by a small magnetic 
or electric field. 
---
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Echoes have been observed (Jenkins and Wagner, 1968) in 
gaseous ammonia contained in a w~veguide cell (that is, the initial 
state is a thermal one). The gas was excited by pulses of 0.1 f-lsecond 
duration and peak power levels of tV' 1 oOnw. The echo corresponded to 
the J = 3, K = 3 inversion transition at 24 GHz. The echo form-
ation depended upon the inhomogeneity provided by Doppler broadening. 
~) The transient nutation effect 
The electric dipole analogue of the magnetic resonance 
effect has recently been seen (Hocker and Tang, 1968) by illuminating 
gaseous SF 6 with a pulse from a Q-swi tched CO2 laser. The effect 
shows up in the form of a damped amp Ii tude modulation near the 
leading edge of the light pulse. 
The physical explanatim of the effect is that the intense 
coherent light pulse can successively drive the molecules between the 
two levels, through 1T /2, IT , 3 IT /2, 2 7T positions and so on until 
the cycle is damped by relaxation processes to a steady state corres-
Ponding to absorption by a partially saturated system. The process 
Produces a sinusoidal modulation of the population and coherent 
Polarisation. The oscillation in the population difference reacts 
on the field and amplitude modulates the light wave. 
The effect is described as transient nutation because the 
PreceSSion of the transition dipoles about the field in the rotating 
frame appears in the laboratory frame as the slow nutation (modulaticn) 
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Superimposed on the rapid oscillation of the coherent polarisation 
at the transition frequ ency. 
It should be noted that the oscillation transient corres-
Ponds to a transient nutation; one which is self driven, and not 
initiated by an external pulse of illumination. 
Macomber (1968) has pointed out that the Fourier transfo~ 
of a saturated slow passage spectrum is the transient nutation signal. 
He proposes that separate fields be employed for the saturation and 
slow passage. 
~) Other analogues 
Another phenomenon of interest is that of self-induced 
transparency in gases (McCall and Halm, 1 967) in which a pulse 
propagates without absorption. This may be termed a 2 n pulse. 
Lefr~re (1969) has recently observed some transients, 
notably "wiggles", in an optically pumped system. 
~ The detuning effect observed with cascaded cavities 
Higa (1957) was the first to conduct an experiment on an 
8Imnonia beam maser with cascaded cavities through which the beam 
Passes in succession. The two cavities are coupled only by the beam; 
llli.crowave leakage fran one to another is prevented by fitting each 
caVity with end-caps of a diameter below cut-off for the mode. 
It was found that if (a) the second cavity is tuned near 
to the molecular resonance and there is sufficient flux to permit it 
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to oscillate, but (b) the first cavity is detuned so far that it will 
not support oscillation, then the frequency of the oscillation in the 
second cavity is governed by the usual "pull:ing factor" appropriate 
to that cavity. However, if the first cavity is successively tuned 
closer to the molecular resonance it will at some stage break into 
oscillation. An amplitude modulation of the oscillation is then 
Perceived for a time :in the second cavity. With a little more change 
of tuning these "Riga beats" cease. It is then found that the freq-
uency of oscillation :in the second cavity follows precisely that of 
the first. It is detennined by the "molecular r:inging" from the first 
Cavity. In this mode of operation it is observed that the :intensity 
of the oscillation in the second cavity displays a series of maxima 
and minima with change in detuning. (Strakhovskii and Tatarenkov, 
1962, and Laine' and Srivastava 1963) These ItS - Til curves are 
sYmmetrical about the molecular resonance frequency ~o , if the 
second cavity is tuned to w 0 (and if the matching for the first cavity 
is constant - &nith and Laine, 1968). A series of such curves are 
reproduced in Figure 3.4 (a) and (b) (Laine and Snith, 1966). 
For low flux of active molecules it is found that the second 
,Cavity will not oscillate :independently of the first. 
These successive effects have been interpreted as indicating 
that the "ringing" signal from the first cavity at first beats with 
the Oscillation of the second cavity to produce the Higa beats (regions 
(a) (b) (e) (d) (e) 
II 
21kV 18'5kV 17kV 16·5kV 
4 III 
3 
2 v 
v 
1 v 
~,~'------------~h~'----------~,~'~------~~----~j~~~ 
r-, ------,-, -----" r-, -----r,-----., , i • , 1 , , i i 
-3'6 0 +3·6 -3,2 0 +3·2 -2'2 0 +2'2-1·6 0 +1·6 -1,2 0 +1·2 Me/s 
d"A 
Figure 3.4 Detuning curves (after Lain' and Smith, 1966) 
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III and IV in Figure 3.4). But then with l es s detuning the firs t 
cavity dominates the second and the polarisation impressed upon the 
. beam by the first cavity synchronizes the oscillation of the second 
(region V). For conditions where the second cavity would not oscil-
late independently of the first, the phase-locked conditions give 
'Nay to one in which the second cavity is solely dependent upon the 
coherent excitation fran the first. 
A number of theoretical explanations have been proferred 
to explain the shape of the S - T curves. However, none has provided 
a convincing explanatim of the shape exhibited in the various S - T 
curves. Basov et al (1964) were able to show that the frequency of 
eJCcitatic:n in the second cavity should be that of the first cavity, 
and that for zero detuning of the first cavity and a large electric 
field amplitude, the radiation intensity could become zero. 
Spectroscopic examination of the beam in the second cavity revealed 
it to be strongly absorbing (Basov et al, 1963). 
Basov et al (1964) used a semiclassical approach in which 
a classical field was assumed to arise fran a polarisation of the beam 
Which was calculated quantum mechanically. In contrast ld. Tie-Cheng 
and Fang ld.-Zhi (1964) adopted a more rigorous approach in which the 
l'adiation field was quantized. They employed a perturbation treat-
ment due to Senitzky (1958). Their treatment predicted sectors in 
the frequency dettming which would :Permit oscillation, and others that 
------------------------------------------
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would not sustain oscillation. This sectional behaviour was argued 
to be in qualitative agreement with the double maximum S - T curves. 
They were not able to offer an explanation for the single maximum 
curves seen at low focuser voltages. 
A more recent explanation offered by Basov, Oraevskii and 
. Uspenskii (1967) attempts to explain the gap in the S - T curves at 
zero detuning in terms of interference effects arising from emission 
by molecules moving with different velocities and radiating fields 
~th different phases. 
It is interesting to note that Wells (1958) gave an 
explanation of the Riga beats in terms of the orbits described by the 
r vectors in a Feynman diagram. 
It has recently proved possible to offer a reasonably 
Cogent explanation for much of two ' cavity behaviour. The reasoning 
Was based on the ccnsideration that in passing through the first 
caVity the molecules experience a pulse of radiation (Laine 1966). 
The polarisation imparted to the beam depends upcn the ma.gnituc1e of 
the Pulse, which in turn depends upC%l the electric field within the 
cavity. Il; is well }mown that the ringing signal is a maximum for 
lIlUltiples of Tf/2 (Bloan 1956, Smith and Laine, 1968). As the first 
caVity is detuned then the pulse received by the molecules diminishes. 
Since the behaviour of the second cavity is governed by the ringing 
trCln the first, it should prove possible to c1erive / at least qualitatively) 
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the form of the S - T curves fran considerations of the transition 
probabilities appropriate to the two cavities. A simple quantum-
mechanical derivaticn is reproduced below. Acting en this idea 
Krause ' (1968) independently produced an equivalent treatment in a 
different form of simple quantum mechanics. However, the treatment 
giVen here is more general and the assumptions made for simplifying 
the equations may be more obvious. Moreover, Krause did not consider 
Pulses greater than 11 (which correspond to the S - T curves already 
observed). It is shown in Chapter IV that it is possible to extend 
the treatment to the case of pulses greater than Tr (corresponding 
to absorption of radiation by molecules during part of their transit 
through a resonator). It is seen that it is possible to devise a 
modified Feynman diagram appropriate to the electric dipole case, 
from which S - T, curves corresponding to various levels of excitation 
Illay be constructed. By this means S - T curves having shapes not 
Seen previously are predicted. A spectroscopic examination of the 
beam permits an approximate Bcale in terms offocuser voltage to be 
aSSigned to the Feynman graph. This latter diagram is obtained by 
transforming into a rotating frame for which the phase is chosen 
80 that the motic:n of the pseudo-dipole vector occurs in one plane. 
The maser described in Chapter II is shown to be capable 
of' providing an approximately 2Tr pulse. An S - T curve having the 
f'orm of one of the predicted S - T ' curves has been obtained. 
--- - - -- - - - - - - --
- 98 -
The .quantum mechanical treatment for the two-cavity detuning 
effect is given in a matrix formulation employing spinors. The 
initial formulation is similar to that given by Kukolich (1965) for 
the two cavity problem of the resonance pattern produced by a Ramsey 
separated fields configuration. In fonuulating the problem relax-
atian processes are ignored. 
A superposition state for the two level system is given as 
a linear combination of the upper and lower state eigenfunctions u 
a 
and~ 
Where 
and 
= 
aa* + bb *" = 1. 
J!r is written as a spinor 
magnetic spin 1/2 system. 
, 
( :) in analogy with the 
The Hamiltonian for the system when no external fields are present is 
J{o - Vz (~~o)OZ 
and p 7'; Je 0 1jJ = V z. (-Yt Wo ) (~* CA. - b *' b ); 
11t. Wo is the energy separation between the levels, and 0"',% is a 
l>aUli spin matrix. The r.f. field providtJd by the auto-oscillatim 
. in the first cavity administers a pulse described by 
-
-
o 1/ (.r. ) - (,wt ZYl W, e. 
, 
---
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and the Schr8dinger equation 
l, 0 
at = 
= 
is 
where 11 (..J I = f o..b E, , fA a...b is the dipole matrix element 
connecting the two states, and E1 is the magnitude of the r.f.field, 
( p.. aa = ]A bb = 0). 
Making the substi tuticn 
the Schr8dinger equaticn becanes 
d 
C)t ( ~) 
~-~ (W/z.) t) 
t (uJ/;2..) 1; 
e,. 
J 
0../) 
t/ 
• 
:: 
- 100 -
Kukolich writes the solution 
( Q; (t)) = ...D.. (Gt (0) ) b Ct) b CO) 
Cos ex. t - ~(Wo~W)SLn..Cf... t" 
-L( ~~)5i~ ~ 1: (0) 
') 
- i, ( ~~ t" oct COS (I.. t + i- ("\.:. "'"t" "t b (0) 
where f/..... 2 = (1/ l (W
o 
_ fA) ) ) 2 + ('12.. W,) 1.. 
The state of the beam entering the firs t cavity i s l/Jo ;: (~). 
The state produced by an r. f. field on for a time -C is (a uni-veloci ty 
beam is assumed) 
I 
a 
The average energy is 
E. - ~ (11 tDo ) < 6'z. > 
ana the oscillating polarisation is 
p ~ Po < 6 x > :: Po (Cl + b + b *"4.) . 
a(O) 
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In the region between the cavities the r.f. fields are 
very small, and the matrix is 
Q.. - L 1:z CWo - w) T 
o 
Corresponding to free precession, where T is the time spent by the 
molecules in the region between the cavities. 
The final wave:f\mction, after the molecules have passed 
through the t wo-cavity system, is 
Where .D., represents the effect of the first cavity, .1lS the drift-
space, and SL 2. the effect of the second cavity. 
For w close to cJo 
COs «. L - i ({ GJo - W) / lo<. ) si ... 0<. -z; becomes C05 ~2 ~,L 
. . , I' ) becomes -c... SOL '11. \.""1 r . 
Since the phase within the pulse envelope is not important for the 
Present considerations the drift-space matrix may be taken as the 
unit matrix. Therefore, 
(~:l : -fL 12 Jl (a.. (0)) 2. S f b (0) (~ 0).fL (~(O)) I 'b (0) 
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cos ',. tJ. r, -i S/~ ~ tJ. 'L, 
Now, (~~~i)=( ~) 
lower state molecules. 
since the focuser defocuses 
The probability of a transition occ~ing in cavity 2 from 
, 
' the * state u to state u. is given by bb (T ) 
a 0 \.0, + l"~ • 
Performing the matrix multiplication gives 
and so 
b :1:, +-<2) = - i [~,t. ~ ( tJ, r, + °2 r, ) ] J 
(neglecting the phase factor) 
b b *( ..,..) - S Ih 2 ;Z (~I 'C/ r tJ 2 ~() • 
r, ..,.. '2 
Usually r, "'\.;""C'1 and the field in cavity 2 is about an order 
of tnagnitude smaller than the field in cavity 1, so that 
tJ, » ) 
I 
may be neglected; in other wor.ds, it may be assumed 
that themqlecules experience a negligible pulse in the second cavity. 
~he field in cavity 2 is given by 
L- '* ] ~ - C, b h Cc, + l"z) 
~here C1. is· a constant. 
The assumption that tJ '""- t.J 0 can be jus tified if it 
1s noted that the frequency of oscillation in cavity 1 is governed 
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., 
.by the frequency "pulling factor" 
, 
where W, is the angular frequency of the oscillation in cavity 1, 
CJc I is the resonant frequency of cavity 1, QC1 is its loaded 
Qua1.i ty factor, ~ is the Q of the molecular resonance defined by 
QM CJM ~ L . 
-
• ) 
'LAW M . O'8~ V 
L is the length of the cavity, and v the velocity of the molecules. 
f(n) is a complex function of beam flux and amplitude of oscillation, 
and is approximately unity. For typical values of these parameters 
it is f01.U1d that a det1.U1ing of the cavity by several MHz pulls the 
OScillation only a few kHz. The spectral line maybe regarded as 
flat over this small range of frequencies, and the variation in E1 
With the det1.U1ing can be obtained by multiplying the magnitude E01 
at eN 0 with a normalized factor which d.etennines tl}e shape of the 
detlming characteristic of the oscillation amplitude in cavity 1. 
'For a semi-elliptical det1.U1ing characteristic (Jaynes and Cummings, 
1963) 
( C2 /1 ) E:z.. - C, SLYl EO\ -C £ I 13m 1-
where C2 = ~ (3 - (W - Wo / fAJo ) LS , e, 
11 
"----- -
-----Ie> 
T 
Figure 3.5 Theoretical detuning curves 
.1L 
1 Ilrn 
J 
t 
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the detuning of cavity 1, and (3 m is the maximum dehming. 
Figure 3.5 shows these results graphed for various pulses 
(up to rr ) received in cavity 1. The maximum field in cavity 1 is 
given for a Tf pulse, which means that a molecule which enters cavity 1 
in state u
a 
emerges in state '1>. Then E2 = O. In all other cases, 
the molecules emerge frou;)avi ty 1 in a mixed energy state. The 
maxima E2 / C1 in the diagram correspond to the situation where 
the molecules receive a 7T /2 pulse in the first cavity. For example, 
if' the molecules receive a 3 IT /4 pulse when the cavity is tuned to 
the molecular resc:nance, then en dettming there occurs a point where 
the magnitude of the electric field in the first cavity drops to the 
level where the molecules receive a 7T /2 pulse. This is, of course, 
%'elated to the delayed peak predicted by Bloan (1956) for molecular 
ringing following a pulse excitation. He showed that the peak occurred 
at the instant when the populations of the two levels becone equal. 
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CRAPrERrY 
THE EXPERTI,iENTAL INVESTIGATIm 01<' TRANSIENT EFFECTS. 
4.1 The oscillation transi ent 
La) Quenching with an injected signal 
In Chapter II it was described how the detection technique 
may be used to inject a stimulating signal into the maser cavity. 
Since the klystron is frequency modulated the stimulating signal 
sweeps across the molecular resonance. This probing signal permits 
operation of, the maser as a sensitive spectrometer below oscil-
lation threshold (Gordon, 1955). It may also be used for spectro- ' 
scopy whe,n the maser is oscillating (Shimoda and Wang, 1955). A 
reduction in the oscillation amplitude at the main line frequency 
is seen vmen the signal is swept across the quadrupole satellite 
frequencies. The quadrupole transitions occur between energy 
levels which are involved in the main line transitions, and the 
Change in populations of these energy levels induced by the probing 
Signal is reflected by a reduction in the main line oscillation 
amplitude. Shimoda and Vlang report that it is possible to quench 
the oscillation by excitation at the quadrupole frequency. 
This mode of quenching by popUlation depletion involves 
eXcitation and detection of quenching at two quite different 
frequencies. It is also possible to quench the oscillation by 
injection of a signal wi thin the linewidth of the maser signal 
Figure 4.1 Oscillation transient following quenching 
------
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(Laine', 1967). At 10'll levels of the injected signal, Ys , its 
presence is registered by the changing beat frequency it produces 
With the maser oscillation, passing through a zero frequency beat 
when it is momentarily at the maser frequency, Figure 2.9(c). At 
a higher level, the oscillation is quenched when '))S is close to 
the molecular resonance frequency, and a stimulated emission signal 
appears in place of the zero frequency beat. As the probing signal 
recedes from the maser oscillation frequency the oscillation appears 
again and approaches its steady state amplitude, as evidenced by 
the amplitude of the beat signal in Figure 4.1. At low beam intens-
ities the approach to the steady state is monotonic, but for an 
intense beam the approach has the damped OSCillatory character seen 
in Figure 4.1 (it should be noted that the changing beat frequency 
amplitude is subject to amplifier bandpass restrictions). 
Evidently the use of an injected signal affords an efficient 
method. of fast switching of the maser oscillation. It Vias remarked 
in Chapter III that the attempt by Grasyuk and. Oraevskii to switch 
a molecular beam, by the application of a high-voltage pulse to the 
focuaer, failed. probably because of the relatively long time required 
for the establishment of the active beam of upper state n~lecu1es, 
the subsequent smearing effect due to the velocity distribution, 
,and. finally the time required. for penetration into the cavity. 
The Success of the present method. is attributable, in large part, 
----
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to the fact that the molecules are perturbed within the cavity, 
'\'lhere they are all coupled to a common radiation field, and where . 
the effects of the finite magnitude of the velocity and its 
distribution are minimised. 
The transient was first observed as a slight overshoot 
like that seen on the right hand side of Figure 4.4(;. This occurred 
'Nithin the cavity referred to as cavity 2 (Chapter U) which has a 
Q of about 6,000. Fran the theoretical considerations of Chapter III 
it is seen that the transient should be more pronounced if the Q is 
increased. Accordingly cavity 1 was fabricated, with a small 
COUpling hole in order to retain as high a value of loaded Q as ' 
POSsible, commensurate ~th a reasonable signal to noise ratio for 
the oscillation. It is also possible to argue that "the effect is 
not prominent in the ammonia maser" (to quote Singer and Wang, 1961) . 
because the excited molecules are usually supplied at a greater 
X'ate than the depopulation rate due to coherent induced emission. 
It 'Would se~~ that conditions favouring the transient can be 
~;~ 
approached bl increasing the depopulation rate and simultaneously 
decreasing i~ rate of supply of the molecules. However, decreasing 
,-
the number Qf molecules flowing into the cavity would decrease the 
dePOPulation rate. The two factors appear to be immutably opposed. 
~he problem is better viewed in another wa;{. The frequenoy of the 
~litude modulation of tho tranaient ia linearly related to the 
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field in the cavity, 
WI tV f-E, 
11 
Normally the radiation energy density in the cavity is too low for 
the effect to be seen, since the period of amplitude modulation is 
greater than the mean time of flight of the molecules. The period 
of modulation may be decreased by increasing the electric field; 
this by such meas ures as increasing the Q of the cavity, and 
increas ing the intensity of the beam. The mean time of flight of 
the molecules can be increased by cooling the beam. It was seen 
that this latter course also augments the beam intensj.ty by 
increasing the population of the 3,3 inversion levels, thus 
increasing the field in the cavity. Here is the justification for 
the cooled beam. Figure 4.1 shows the transient obtained with 
cavity 1 (12.4cm. long, Q tV 9,000), and a beam cooled to 170oK, at a 
Pressure of 2.8torr behind the nozzle (0.1cm. channel) and with a 
tocuser voltage ot 55kV. Since the velocity varies as the square 
X'oot of the absolute temperature the expected increase in transit 
time resulting frQ"Il cooling of the nozzle is a factor of about 1.3. 
l'he mean velocity is about 3 x 104cm. sec:1 at roan temperature 
(Jaynes and Cummings, 1963) corresponding to a transit time of 
about O.4msec. This would be increased to about 0.5ns. for the 
Cooled beam. 
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The frequency of the modulation seen in the photograph 
Figure 4.1 is estimated to be 9.5~{z. The signal to noise ratio 
presently obtainable does not pel~t a reliable calculation of 
relaxation times (coupled with the errors in correction for band-
pass effects). Figures 4.2(a) and 4.2(b) show the change in the 
transient period and amplitude for the change in focuser voltage 
from 55kV. down to 20kV. The decrease in the modulation frequency 
With decreasing focuser voltage can be clearly seen. Figure 4.2(c) 
shows the incipient transient produced under conditions of operation 
Without liquid nitrogen pumping and the necessarily .much reduced 
beam flux. 
There is an interesting feature of the appearance of the 
tranSient. The stimulated emission peak is followed by a ringing 
. Signal appearing as a changing beat frequency. Normally the micro-
wave bridge is set so that the oscillation grows from that ringing 
Signal and is seen to be locked to it on the oscilloscope presentation 
of frequency (time) variation. If, however, the conditions are such 
that the beat signal decreases to below the level of thermal noise 
before the onset of the oscillation, the starting time of the oscil-
lation is observed to "jitter" on the trace. Presumably the oscil-
lation is then initiated by noise and the point of time at which 
, this occurs varies slightly between the successive 50Hz. repetitive 
sweeps. 
(a) 55kV 
.. 
(b) 20kV 
(c) without liquid nitrogen 
Figure 4.2 Oscillation transient 
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(P) The transient that follows Stark switching 
It was indicated in the l ast section that it was considered 
that much of the efficiency of the method of switching derived from 
the circumstance that a beam parameter was varied during the passage 
of molecules through the cavity. It seemed worthwhile investigating 
this proposition by attempting another method of svdtching in the 
caVity: that of quen'ching the oscillation by applying a square wave 
Pulse to a metal probe projecting into the cavity, in the path of 
the beam. The application of a pulse of electric field meruls that 
the molecules suddenly experience a region of inhomogeneous field, 
causing a degree of Stark splitting and spreading of the spectral 
line. This then may be termed "molecular Q switching", though it 
should be noted that the previous method involved molecular Q switching. 
in that the line is spread by saturation during the signal injection. 
The probe is shown in Figure 4.3. It consists of silver 
Wire 0.51 rron. in diameter, partly she a thed in a glass tube, and 
mounted through a nylon screw. The assembly is mounted in a tapped 
hOle in the wall of the cavity, which terminates in a 1mm. diameter 
hOle into the cavity. The glass sheath projects just into the cavity 
and the probe extends across two-thirds of the cavity diameter. 
The probe is mounted opposite the coupling hole and exerts a 
conSiderable ~uning effect. 
Figures 4.4(a) to (i) display the change in trrulsient as 
cavity wall 
coupling 
hole 
_nyloo screw 
_metal cap 
Ll..,'---glass sheath 
~igure 4.3. The probe mounted in the. cavity. 
(a) 
(b) 
(c) 
Figure 4.4 Transient following Stark switching 
(d) 
(e) 
(t) 
Figure 4.4 
(g) 
(h) 
(i) 
Figure 4.4 
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the focuser is varied through the respective focuser voltages ; 50, 
40, 30, 27.5, 25, 22, 21, 20 and 18kV. (for a beam pressure of 2.3 
torr behind the nozzle). The pulse has an amplitude of 1 OOvol ts, a 
Width of 50 fAseconds and a pulse repetition frequency of 1kHz. The 
change in the frequency of modulation is clearly seen. However, with 
the present signal to noise ratio the determination of the frequency 
fran the photograph is subject to a large error derived from the 
thickness of the traces. Figure 4.5 ShOVlS the variation of the 
modulation frequency with focuser voltage , replete with possible 
errors. The change from an oscillatory character to an aperiodic 
one is seen to occur at about 25kV. 
It was not possible to quench the oscillation completely 
Using this probe. The quenching resulted in a change of about 40% 
in the level of oscillation. This is not surprising since the region 
of inhomogeneous field is a very small one. In consequence the 
Photographs depict not one transient, but the composite of two - a 
SWitching-off transient, and a switching-on transient. Following 
the leading edge of the applied pulse there is a switching-off 
transient as the oscillation level drops to a lower level; then 
following the trailing edge there is a switching-on transient as the 
OSCillation is · restored to its former high level. For this reason 
the results cannot, in their present form, yield values of rise time, 
and other parameters. Figure 4.6(a)· shows an expanded trace of the 
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Figure 4.5. The varia.tion of transient modulation 
frequency \vith focuser voltage . 
50 kV 
(a) 
(c) 
Figure 4.6 Composite transient 
--
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phenanenon. Figures 4.6(b) and (c) in which a 100 fL second pulse is 
applied, display the effect even better; the discontinuity between 
the two transients is clearly visible. The effect has also been 
verified by coalescing two pulses of the maximum width, 100 p.seconds, 
to yield a pulse of 200 J-' seconds duration, whereupon further develop-
ment of each transient is visible (not illustrated here). Since the 
transients have a duration of about 300 f seconds it has not been 
Possible to separate the two. Complete quenching of the oscillation 
Would permit reliable measurements to be made of relaxation and rise 
times (knowing the response law of the complete detection system). 
There is a potentially confusing feature of the photographs 
4.6(b) and (c) in which the pulses apparently have reversed polarity. 
The Mullard signal generator used to provide the pulse did not 
reverse the polarity of the pulse, but exchanged the mark-space 
sections of the pulse train. Thus in Figure 4.6(b) the field is 
applied for 100 p-seconds, and a partial switching-off is followed by 
a switChing-on; whereas, in Figure 4.6(c) the field is switched off 
-
for 100 jLseconds and a switching-on of the transient is followed by 
a Switching-off. 
!t..2 Induced "spiking". 
The oscillation transient following quenching by an 
injected signal is observed under conditions of a relatively wide 
frequency sweep of the injected signal across the natural maser 
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oscillation frequency Vo. Then the beat frequency signal upon 
which the oscillation transient (frequency Y-t tv 10kHz.) is super-
imposed is in general greater than 80kHz. in order that the transient 
phenOOlenon can be distinguished easily from the magnetic satellites 
of the J = K = 3 inversion transition which lie between 50 and 
80kHz. from the main transition. 
If, now, a relatively narrow frequency sweep is used, such 
that the beat · frequency is ~ 10kHz. before and after quenching, a 
series of spikes of oscillation of relat~vely large amplitude can be 
produced. These spikes occur before and after the region of oscil-
lation quenching, as shown in Figure 4.7. The risetime of an 
individual spike is N 10 fS' and the decay time tV 20 fS. The 
repetition frequency of the spikes follows that of the beat frequency 
(between the maser oscillation frequency Yo and the frequency modul-
ated exciting signal Vs ) up to N 10kHz. The duration of the train 
of spikes appears to be limited by the time for which the beat signal 
'is less than 10~Iz., the natural period of the oscillation transient. 
Consequently, the duration of spiking is dependent upon the rate of 
frequency sweep of the excitation signal. The longest period of 
continuous spiking observed so f'ar is N 2mB. This time is consider-
ably longer than the mean time of flight of an individual molecule 
through the cavity (N 0.5ms.), in contrast to the case of the 
transient phenomenon. It is also o'f interest to note that the 
Figure 4-.7 Induced spiking 
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amplitudesof the spikes of oscillation are somewhat greater than the 
level of continuous oscillation as shown by the amplitude of the 
beat signal on the extreme left and right hand sides of Figure 4.7. 
The dependence of spiking upon the presence of the 
externally applied signal is clearly shown by the fact that at low 
levels of applied signal nei ther spiking nor quenching occur. In 
their place a beat signal is obtained which passes through zero 
beat frequency when the applied signal of frequency )Is is instant-
aneously at the maser oscillator frequency Vo • Figure 4.8(a) 
shows the zero beat obtained when the injected signal level is low: 
Figure 4.8(b) shows the appearance of spiking when that level is 
increased. 
Figure 4.8(c) demonstrates decisively the relation between 
the transient and the spikes. On the left is the transient produced 
by the rapid frequency sweep from the sharply rising leading edge of 
the saw-tooth voltage applied to the klystron reflector, and on the 
right is the spiking induced by the slc:wer sweep from the trailing 
edge of the saw-tooth. 
It will be noted from Figure 4.7 that the spiking phenomenon 
precedes and follows the quenched oscillation region. Furthermore, 
the spiking decays as the amplitude of oscillation grovffl to its 
steady state level on the right hand Side, and vice versa on the 
left hand side. On close examination of an expanded trace it is 
(a) zero beat 
(b) spikes 
(0) transient and spikes 
Figure 4.8 
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evident from the superimposition of the growing beat frequency and 
the spiking signal, that the spiking repetition frequency follows 
the beat frequency. Thus the effect may be attributed to the 
externally applied signal going in and out of phase with the growing 
OSCillation, and leading to a periodic modulation of the microwave 
electric field within the cavity at the beat frequency. 
(Alternatively the system may be regarded as being partially quenched 
With a periodic modulation at the beat frequency). Figures 4.9(a) 
and 4.9(b) display the situation where the beat frequency exhibits · 
harmonic relationships ,vith the spiking frequency, over a small range 
of frequency. Figure 4.9(c) shows an expanded trace where the 
spiking frequency gradually increases until the spiking can no longer 
be sustained. 
Comparison is invited between this series of photographs 
of the transient and the spiking phenomenon, and the photographs in 
Figure 4.10. The latter show the behaviour of an RC oscillator 
SUbjected to a small disturbance. 
The correspondence is not fortuitous. A simple RC audio 
OScillator has many essential features in common with a maser, 
Particularly an amplification mechanism combined with a feedback 
~chanism of which the round-trip phase is strongly frequency 
dependent. It also has a saturation mechanism to reduce the round-
trip gain as the power level increases. In a simple RC oscillator 
(a) 
(b) 
(0) 
Figure 4.9 Intermediate stages of spiking 
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Figure 4.10 Transients in an RC oscillator ( after Oliver, 1 960) 
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this saturation mechanism is a variable resistance in the feedback 
loop, in the form of a small lamp the temperature and resistance of 
which change with the average signal power dissipated in it, so 
that the feedback round the loop is reduced. 
Another point of contact between the oscillator and its 
familiar solid state laser counterpart is that the time constant of 
its saturation mechanism (determined by the thermal time constant of 
the lamp) is relatively long, to be compared \vith the long meta-
stable lifetime in the laser case. For this reason it is expected 
that "spiking" behaviour would be seen in the output of such an 
Oscillator. However, this form of instability is not often seen. 
Oliver (1960) has shown that there is usually a weak saturation 
mechanism in the amplifier stages, and this small compression effect 
for large signals is usually sufficient to eliminate the spiking. 
If the oscillator is made with a highly linear amplifier section 
then the spiking is manifested. Figure 4.10 shows the envelope 
responses under various conditions of time constant and distortion. 
This discussion of the analogy follows that of Siegman (1968). 
i.3 The spectroscopic investigation of the state of the beam 
emerging from the first cavity. 
The observation of the transient indicates that molecules 
. are oscillating between the two levels during the course of their 
transit through the resonator. It is thus reasonable to expect that 
------
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the emerging beam will exhibit changes in its relative populations 
as the beam intensity is varied, that is, it should change fro~ 
emissive to absorptive as the electric field within the cavity 
increases. 
Figure 4.11 depicts schematically the arrangement used to 
examine the emergent beam. It will be recalled from the discussions 
of Chapter III that the oscillating polarisation possessed by the 
beam emerging from the first cavity can initiate oscillations in 
the second cavity for a focuser voltage well below that of the 
threshold for the cavity acting alone. For the arrangement used 
here ( first cavity Q '" 9,000, second cavity Q IV 6,000) the effect is 
quite pronounced. With the first cavity detuned by about 10 MHz. so 
that the beam is unpolarised the second cavity oscillates freely at 
17.SkV. for a nozzle presst~e of 1.6 torr (the optimum pressure, 
with the iris aperture optimised at 1 .1mm): when the first cavity is 
tuned to the molecular resonance frequency the threshold for forced 
Oscillation in the second cavity is about 10kV. Since, for the 
purposes of a spectroscopic examination the presence of an oscillation 
in the second cavity is an embarrassment, with its concomitant beat 
frequency superimposed on the oscilloscope trace, it is desirable 
to remove the polarisation of the beam. This can be achieved by 
projecting the beam through an inhomogeneous electric field, such 
as that provided by a state focuser (Basov et al, 1964). If the 
~ 
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Figure 4.11. The arrangement of cavities and focusers used for the spectroscopic 
examination of the beam. 
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field is maintained at a low level then the polarisation may be 
removed vdthout any s ensible disturbance of the level populations. 
The onset of free oscillation in the second cavity can be deferred 
a little, without prejudice to the cavity's function as a spectro-
meter, by detuning it (the second caVity) a little. In the 
experiment described below the second cavity did not oscillate through-
out the range of focuser voltage. 
Figure 4.12 shows the results of the spectroscopic exam-
ination. Below 2kV. there is an absorption (not visible) corres-
ponding to the near thermal distribution of populations. Above 2kV. 
some focusing action is exerted, the beam is emissive in the first 
cavity, and still emissive on emergence. The emissive signal increas es 
and then wanes, and gives way to an absorptive signal after 10.5kV. 
The absorption increases and then begins to decrease when a transient 
is just visible in the first cavity. By the time the transient is 
well established the system has beccme emissive again. Throughout 
this process the oscillation amplitude in the first cavity displays 
a monotonic increase. However, in the process the spectral line 
exhibits a splitting. At 22kV. a small emissive-going notch appears 
in the absorptive line and steadily grows in amplitude and width at 
the expense of the absorption line until it changes into an emissive 
Signal. Figure 4.13 shows the shape of the spe ctral line for a 
succession of focuser voltages (the available signal to noise ratio 
Absorptive 
'!"-
Emissive 
Figure 4.12. The variation with the main f'ocuser voltage of the state of the beam 
leaving the first cavity. 
Absorptive 
Emissive 
Figure 4..1 3 • The appearance of the spectral line observed in 
the second cavity for various magnitudes of 
focuser voltage. 
,.' 
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did not permit photographs). 
It thus appears that an emissive line is superimposed upon 
an absorptive one; a kind of "hole-burning". The relative widths of 
the two lines give an indication of the possible mechanism. The 
narrow width of the emissive line at about 22k:V. indicates that the 
emitted radiation is originating from relatively slow molecules. 
If this is, in fact , the case,then their transition probability (a 
function of time) could be quite different from that appropriate to 
faster molecules. The hypothesis is given further support by the 
observation that the emissive line is easily saturated by an increase 
in sideband power. 
For the purpose of analysis asswne first that an unsorted 
beam passes through the first cavity, which is tuned to the molecular 
resonance frequency Vo , then the excess population will oscillate 
between the two levels. At time t, the probability of the excess 
population in the upper and lower levels, a and b respectively ,viII 
be given by 
I Ov' 2 2 wt - ,Slvt, J 
I b \2 '2.. wt - COS 
where 
tV u'lE 
-
'-11 
and f-A,1- is the dipole matrix element for the transition, E the 
magnitude of the oscillating electric field in the resonator, t the 
---------------------------
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interaction time of the molecules with the radiation field. At time 
t = 0, Ib\2 = 1, la\2 = 0, and the excess population at the 
entrance to the cavity is in the lovrer energy state. At the time 
t ="C given by 2 w v = n 
the excess population will be transferred to the upper energy state. 
In the frame of reference in which the molecules are stationary, the 
time -C == IT / l W corresponds to a 11 pulse. Similarly 
c::; -:::. rr / W corresponds to a 21T pulse, in which case 
the excess population will be restored to the lower energy state. 
The interaction time, however, is not the same for all 
molecules, for there is a velocity distribution. If two groups of 
molecules are considered such that 2 7:1 = -Cz ' where -c" Uz. 
are the interaction times of slow and fast molecules respectively, 
then if 2 W ~ = 'l1T, 2 W1J '2.. = 1T and the population 
of 'slmv molecules will be inverted with respect to the fast molecules. 
If both fast and slow molecules pass into a second resonant cavity 
of length L used as a spectrometer cell, the spectral linewidth D.. Y 
given by V1 2/ L will be narrower for slow molecules (velocity V1) , 
than for fast molecules (velocity V2). Moreover, for the present 
example where the initial beam is absorptive, the slow molecules 
Will be absorptive, whereas the fast molecules will be emissive on 
emerging from the first cavity, and consequently the spectral line 
of the fast molecules will be subject to "hole-burning" by the slow 
molecules. 
------------------------
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In the maser experiment described above the beam entering 
the cavity is emissive and the slow molecules subject to the 27f 
pulse are emissive, in contrast with the fast molectues receiving 
a 1T pulse which are absorptive. 
The pulse excitation of the molecules in the maser situation 
arises from the strong self-oscillation, but the excitation could 
equally well be derived from pulses of an externally applied signal 
at Vo' The latter process is the one applicable to the initially 
absorptive system of molecules. 
The maser system possesses the added virtue that the 
second focuser can be employed selectively to defocus the fast 
molecules, and to focus the slow molecules into the cavity. Such 
an attempt was made in the experiment, but full separation could not 
be observed owmg to the limitations imposed by the signal to noise 
ratio, governed mainly by klystron frequency instabilities. 
The technique of utilisation of slow molecules is general 
to beam systems, and not restricted to maser systems, though the 
latter do offer the advantage of space focusing. The improvement 
in spectral resolution yielded by the slow molecules has implications 
both for spectroscopy and for frequency standard developnent. The 
production of such a beam and its use in a spectrometer of the Ramsey 
separated fields type offers an enhanced spectral resolution without 
increase of the separation between the cavities. The experiment 
------
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described above sho~~d that a compromise must be made between degr ee 
of resolution and amplitude of signal. 
A number of frequency standards employ velocity selection 
of molecules; for example, caesium beam standards may incorporate 
selection of molecules following curved trajectories in magnetic 
fields: the path in the field depends upon velocity. Selection of 
a greater number of molecules involves increasing the beam divergence. 
Also, in Chapter II it was described how attempts have been made to 
select slow Inolecules in masers by injecting molecules into a focuser 
at an angle to its axis. The present method avoids the difficulty 
of such methods, though it is true that there is the compromise 
between signal amplitude and spectral resolution, as more of the 
velocity distribution is utilised to provide slow molecules. 
The analysis given above has been restricted to a consider-
ation of two groups of molecules having a simple ratio of transit 
times. Obviously the analysis could be extended to include the 
velocity distribution : However, in the case of the maser cognisance 
should also be taken of the non-Maxwellian distributions produced 
. by the state focuser. Furthermore, the dipole matrix element is not 
a constant, but depends upon the particular sublevel the molecule 
Occupies. Molecules are focused differentially according to their 
occupation of the sublevels, and so there is an additional distrib-
ution factor to be taken into account - that of the dipole moments. 
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These observations of the self-excitation beyond the 1T 
pulse condition of the molecules in the cavity may be used to explain 
an anomalous saturation effect obsel~ed by Helmer et al (1 960 a,b). 
They investigated the increase of flux of lower state molecules 
occurring when the maser oscillated on the 3,3 line, using a coaxial 
lower state focuser and ionization detector. The anomalous saturation 
effect they observed they attributed tentatively to the presence of 
infrared oscillation at 0.1251~wavelength through the interference 
of the rotation inversion transition J = 4, K = 3 ~ J = 3, 
K = 3 which terminates on the lower maser level. 
Now the method of Helmer et al is capable only of detecting 
lower state molecules, and so the magnitude of the ion current prop-
ortional to the flux of low state molecules would vary less rapidly 
as a function of focuser voltage than the signal observed spectro-
scopically which is proportional to the molecular population differ-
ence between levels. However, the flux of lower state molecules 
focused into the ionisation detector would pass through a maximum 
once the n pulse condition was exceeded, although at a higher volt-
age than the peak of absorption observed in the spectroscopic mode 
of operation. The maximtUn value of ionization detector current 
'WOuld consequently appear as an ancmalous saturation effect, if the 
maser oscillation signal VIas not sufficiently strong to exceed the 
1T pulse condition for state inversion of the molecular beam as a 
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whole. Thus it may be concluded that the presence of an infrared 
oscillation need. not be invoked to interpret the restuts of Helmer 
et al. 
11-.4 Further investigations of the state of the beam emerging fran 
the first cavity. 
The experiment described in section 4.3 monitors the 
state of the beam in terms only of the relative populations of the 
levels, registering net absorption or emission. The polarisation 
information is lost by the action of the inhomogeneous electric 
field created by the ancillary state focuser. 
It was shown in Chapter III that the change in oscillation 
ampli tude in the second cavity as a function of the detuning of the 
first cavity is an indication of the ~agnitude of the pulse received 
in the first cavity. Thus the Strakhovskii - Tatarenkov (S - T) 
curves provide information which is complementary to that yielded by 
spectroscopic examination. The relationShip between the two methods 
of examination is explored, and the S - T curves that are usually 
obtained are explained in terms of the spectroscopic diagram. 
Furthermore a new series of S - T curves is predicted, which would 
exhibit shapes not seen before. Part of these predictions has been 
verified. Confirmation of the set of predictions awaits further 
investigation. 
The predictions concern the S - T curves which should be 
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attained with a maser which can oscillate sufficiently strongly to 
produce up to a 2 TT pulse. The familiar S - T curves are obtained 
with conventional masers which appear to have produced less than a IT 
pulse. 
It should be emphasised that the graph showing the relation 
between the emission or absorption signal in the second cavity as a 
function of the focuser voltage represents measurements made with 
the first cavity tuned to the molecular frequency, Yo. In order to 
provide an accurate correlation between the S - T curves and the 
spectroscopic results it is necessary to examine the emission and 
absorption in the second cavity as a function of focuser voltage for 
a series of detunings of the first canty. Hovrever, in the absence 
of this information, qualitative estimates of the relation between 
detuning and the spectroscopic results can be-made. 
The electric field within the first cavity varies with the 
detuning as a semi-ellipse; this is why the theoretical S - T curves 
appear to suffer a contraction of shape near the maximum detuning. 
This implies that the pulse (L 7:'" E cit) experienced by the molecules 
in travelling through the cavity is subject to modification by the 
Bemi-elliptical function. Thus the spectroscopic graphs would exhibit 
With detuning a change of scale and shape. However, for a quali ta ti v'e 
eXamination it is permissible to regard the effect of detuning as a 
tracing backwards of the locus of the spectroscopic graph for Vo as 
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the detuning is increased. 
The fonn of the spectroscopic graph can be derived from 
a consideration of the locus of the pseudo-dipole moment in the 
sense of the analogy established by Feynman et al (1957). Figure 
4.15(a) shows the expected form for the locus of the dipole moment 
as the focuser voltage is increased and the electric field within 
the cavity grows. The vector grows and turns in a clockwise sense 
as the molecules experience a greater pulse in the first cavity. 
The growth of the vector is at first rapid, but after a certain time 
becomes slow owing to the onset of saturation. The representation 
is one in which the component of the vector along one axis · represents 
the excess poptuation (population difference between the two levels ) 
and the other axis represents one of the components of the oscillating 
dipole moment; the third axis has been transformed away by transfer-
ring to the rotating frame of reference. The spectroscopic experiment 
records the time evolution of the population component, and the trans-
verse component decides the form of the S - T detuning curves. 
Compare Figure 4.15(a) with 4.15(b). The dipole vector 
grows and rotates through the position A, and then through B at which 
the population emissive component is a maximwn. The vector continues 
through C and' then D where the population component is zero, but the 
transverse component is a maximum. The system then becOlles absorptive. 
Somewhere in the second quadrant the locus will begin to approximate 
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to a circle as saturation limits the growth of the vector. As the 
vector turns through F the absorption becomes a maximum and then 
decreases to zero at H, where the transverse component is again 
a maximum (possibly greater than that at D). The system then becomes 
emissive once again and grows to a maximum at J, the 217 position. 
Further regions of the spectroscopic graph could be traced out by 
continuing the rotation. The graph is a spiral in which successive 
spirals become closer and closer together. Fast and slow molecules 
will describe different spirals. 
Now compare Figure 4.15(a) with the graphs of Figure 4.15(c), 
and consider only the 0 to TT section of Figure 4.15( a) • Focus 
attention on the evolution of the transverse component, for it is 
this that mainly determines the amplitude of the field in the second 
cavity. Consider first that when the first cavity is tuned to Vo 
the average molecule experiences a 1T / 4 pulse during its transit 
time; then this corresponds to somewhere near B on the locus of 4.15( a) . 
As cavity 1 is detwed the transverse moment decreases monotonically 
and with it the field in cavity 2. Similarly for a 1T / 2 pulse, 
though the field is then a relative maximum. Consider next when 
cavity 1 is tuned to Vo the molecules experience a 3 IT / 4 pulse. 
Then the amplitude of the transverse component will be slightly 
larger than that at 1T /4 in the real case, and the same magnitude 
in the theoretical simplification. As the cavity is detmed the 
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transverse component increases to a maximum at TT / 2 and then 
decreases. For an exact IT pulse at 'Yo there is no transverse 
component at Vo and the field within the second cavity is zero; 
the molecules are purely absorpti.ve. As the cavity is detuned the 
transverse component grows to a maximum at 1T / 2 and then decreases 
again. 
This description accounts qualitatively for the types of 
S - T curves that have been observed before (remembering that the 
amp Ii tude of the signal for experimental graphs may not be linear 
with electric field). Consider now the type of S - T curves that 
would be obtained with a maser that can produce up to a 21T pulse 
when the cavity is tuned to the molecular resonance (the argument 
can of course be extended for pulses greater than 2 IT ). 
Figure 4.15(d) reproduces 4.15(a) to facilitate comparison. 
The series of curves in ~.15(e) display the expected form of S - T 
curves for different pulses applicable to zero detuning. The points 
on the curves are labelled with the letters indicating the sequence 
of points on the locus of 4.15(a) as the vector evolves in time with 
the de tuning • 
.Another point must be made. Whenever the system is emis-
Sive, that is when it is in the quadrants A-D or H-J, it is possible 
that the second cavity may break into free oscillations. For this 
reason part of the proposed S - T curves may be obscured: for instance 
--------------------------------
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curve (ii) may be obscured to some extent by the second cavity 
breaking into oscillation soon after point D is reached. For curve 
(iii) this may occur before much of the curve can be traced out. 
Thus, in order to display as much as possible of these extended 
S - T characteristics it is necessary to select conditions that 
favour the dominance of the first cavity over the secohd. The 
condition where the first cavity fails to phase lock the field of 
the second cavity and allows it to oscillate freely is a rather 
extraneous consideration. The domination of the first cavity over 
the second can be achieved by using a very high Q cavity for the 
first resonator, and a low Q cavity for the second. Previous 
investigators seem to have used either cavities of comparable Q, 
or a second cavity having a higher Q than the first. 
Figure 4.14 shows the microwave scheme employed in the 
investigation of the S - T curves. Cavity 2 (Q N 6,000) is stabil-
ised at the molecular resonance frequency, and the oscillations in 
it are monitored with a klystron stabilised with the Micronow equip-
ment (described in Appendix B). The variation of the oscillation 
amplitude is traced on a pen recorder. Cavity 1 (Q IV 9,000) is 
detuned through a wide frequency range by heating and then cooling 
so that its resonance sweeps slowly across the molecular resonance. 
Its dominance over the second cavity is demonstrated by the fact that 
Higa beats and subsequent forced oscillation occur in cavity 2 when 
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cavity 1 is detuned about 8 MHz. fran Yo' The Riga beats region 
seems to have occurred at no more than about 6 MHz. away from Vo in 
previous investigations. 
For conditions known to be close to G (same focuser voltage 
and nozzle pressure), by comparison of the focuser voltage with the 
spectroscopic graph, the qualitative shape of the predicted detuning 
curve has been verified. Figure 4.15(f) shows the pen recording 
obtained. The remaining series of curves have yet to be verified. 
It is seen that the spectroscopic results pennit a reason-
ably accurate calibration ·of the locus of the vector in 4.15(a). 
This relation between the focuser voltage and the S - T curves permits 
a comparison of relative efficiencies for different masers. For 
example the present maser gives (at vo) a 'TT / 2 pulse at '" 1 O.SkV , 
a 1T pulse at.,17 .5leV, and a 3 "IT / 2 pulse at N 26kV. Judging from 
the S - T curves shown in the paper by Laine and Smith (1966) their 
maser ga.ve a 1f / 2 pulse at about 17kY. 
It is interesting to note that they observed a splitting 
at about 16kV. Since this seems to occur below the IT/ 2 condition 
it does not seem possible to interpret this structure in terms of 
the fundamental processes underlying the S - T curves. Their tent-
ative explanation still seems plausible. They suggest that the S - T 
curves may be reflecting the structure of the a~onia spectrum, since 
the various components of the line are focuse:d differentially and 
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also slower molecules contribute more to the oscillation as the 
focuser voltage is decreased. 
4.5 Suggestions for further work 
Proposals for further investigations are most conveniently 
discussed under a series of headings appropriate to each topic. 
A Oscillation transient 
(a) Molecular Q switching with an injected signal 
Consider means of obtaining a more pronounced transient. 
The most important parameter to be considered is the cavity Q. It 
should be possible to increase the Q by cooling the cavity, and 
decreasing the wall losses. The gain in Q that can be obtained by 
cooling is limited by the onset of the anomalous skin effect. In 
the absence of accurate information about the resistivity of the wall 
material it is not possible to predict the temperature at which the 
anomalous skin effect occurs. However an improvement factor of 2 or 
3 in Q shculd be possible in cooling the cavity down to temperatures 
of the order of 170~. The amount of cooling is also limited by the 
consideration that solid ammonia must not be deposited on the cavity 
walls. It can collect charge and exert a Stark spreading of the 
spectral line, and can also detune the cavity. 
An increase in the electric field in the cavity can 
possibly be obtained by directing a second active beam in~o the 
cavity in the opposite direction •. 
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The effici~ncy of the focusing action can possibly be 
improved by scattering out of the beam the axial MJ = 0 molecules 
which are not subject to focusing action. This may be done using 
a small beam stop on the axis. This must be earthed since objects 
within the maser box rapidly accumulate charge when the focuser is 
on (the second focuser used in the spectroscopic expe~~ent was 
found to charge up sufficiently within a f ew seconds of being 
disconnected from earth to exert a depolarising effect on the beam). 
It must also be borne in mind that the insertion of an earthed beam 
stop changes the fringe field of the focuser, which is most influent-
ial in determining the interaction of the dipoles with the cavity 
field. 
(b) molecular Q switching with a Stark field 
The considerations of (a) apply here, but in addition the 
effect of the probe can be enhanced considerably by extending the 
region of inhomogeneous field. This can be done by creating the 
electrio field between two probes spaced, say, about 10m apart, as 
well as between cne probe and the cavity wall. 
In observing the spikes it is desirable to use a stable 
microwave souroe which oan be swept over a very restrioted frequenoy 
range. The limitaticns of the present scheme are imposed by the 
instability of the klystron resulting from ripple an its high 
voltage supply, and not the sweep unit. 
- 136 -
When the period of spiking has been extended sufficiently 
for it to be observed in the second cavity it would be interesting 
to feed the output back into the first cavity, as a kind of analogue 
of the pulses circulating in lasers. The experiment could also be 
conducted on the N .M. R. analogue. 
B The spectroscopic examination of the beam emerging from the 
first cavity 
Since the slow molecules exhibit a very small linewidth, 
it should be possible to discern structure on the emissive-going 
spectral line , with an increased . signal to noise ratio. Again this 
is limited by klystroo instabilities. It should be possible to 
conduct a slow sweep through the line using a far more stable source. 
C Verification of the predictions for the new detuning curves 
This should be attempted using cavities with more disparate 
values of Q. The spectroscopic curves for different amounts of 
detuning should be constructed. It is stressed that the oscillation 
amplitude in the first cavity must be monitored to ensure that it is 
monotonic increasing throughout t otherwise focuser breakdown may 
cause the system to trace out the reverse locus. (hce constructed 
these curves should be correlated with S - T curves constructed 
\mder the identical conditions. 
Attempts should be made to obtain these effects on the 
nuclear maser analogue. 
---
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D Examination of a nozzle exhbi tinS a peculiar discontinuous 
effusion 
During the pilot experiments required to establish the 
optimum dimensions for a nozzle, one nozzle was observed to emit its 
effusion in a series of "puffs 11 • It consisted of a tube of about 
3mm internal diameter, 0.5cm long, terminating in a channel 0.5mm 
diameter and 0.75cm long. 
The oscillation in the maser cavity was observed to switch 
on very rapidly and switch off very rapidly. The frequency of puff-
ing seemed to depend only on the pressure behind the nozzle and 
increased with that pressure from about 1 every 20 seconds to several 
per second. This behaviour could only be initiated by increasing 
the pressure frcin below. The pressure behind the nozzle Vias observed 
to rise slowly then drop precipitately as the oscillation signal 
appeared. The ion gauge registered an increase in pressure in the 
two chambers soon after the oscillation signal appeared. 
It is possible that the dimensicns of the nozzle and the 
nozzle pressures (a few torr) are such that the flow is intermediate 
between viscous and molecular flow. Two further observations: there 
is drill "chatter" visible at the entrance to the narrow channel; 
and the surfaces are usually covered in diffusion pump oil. 
It would be worthwhile investigating this phenomencn by 
(a) trying to fabricate another nozzle with the same property, and 
- 138 -
then altering the nozzle dimensions; 
(b) investigating the variation of the effect with cooling, and 
(c) with change in volume of the source chamber. 
The time constants involved may be measures of thermal 
processes. 
E Investigations of an alternating gradient focuser 
Kakati and Laine (1967, 1969) have recently investigated 
an alternating gradient focuser which can focus absorptive beams. 
Since the maser described here can produce an absorptive beam, the 
A.G. focuser parameters can be investigated by interposing it between 
the two cavities and monitoring its focusing action in the second· 
cavity. 
F Investigation of microwave echoes 
Preparations are being made to investigate echoes in the 
ammonia maser. The pulses of microwave radiation are produced by 
applying voltage pulses to microwave 8m. tching diodes. 
(he of the major considerations to be examined is that of 
the required frequency stability. No firm conclusion can be reached, 
but among the factors to be taken into account are the following. 
The effect of frequency instabilities an the pseudo-dipole 
vector may be viewed in the rotating frame. The change in frequency 
D. ~ is represented by a vector at right angles to a .vector r- f/-K . 
The angle e between the directi~ of the effective field and 
fEI/~ 
Now tar'l e 
I.e. 
- 139 -
is given by 
tan e 
should be <<. I 
6.Q_ « I 
ff,/k 
-
) 
D,tJ 
~ f, /1\ 
For a rr/Z pulse the pulse length is given by 
or 
6 t.J « .lI-
Z. c, 
The duration of the pulse should be very much less than the transit 
time of molecules through the cavity which is of the order of 300-
500 fA s. Consider a pulse of 1 ft s duration then the above condition 
becomes Ll V « 2 s-o k Hz . 
or better than 1 in 105 parts over a period of 1 f- s. 
It can be seen that the relationship between L\ t.J and. ?;, 
is a Fourier one. 
These considerations are incomplete since the rate of change 
of the frequency is not examined in its effects upon the vector. 
Nor is the filtering action of the cavity considered. 
Another maser would provide stability wi thin the linewidth 
but the problem then arises of coupling enough power through two 
coupling holes. 
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Two pulses from an external source can be adnrinistered 
successively to a beam as it passes through two cavities in succession. 
However, there is the difficulty of arranging that the dephasing and 
rephasing of the ccmpcnents of the polarisation occurs :in the same 
region of inhomogeneity. 
G Transient nutation 
An attempt could be made to observe transient nutation 
either directly in the form of the modification of a pulse trans-
mitted through ammcnia in a gas cell, or in derived form using the 
scheme of Macomber (discussed in Chapter III). 
--~---------------------------------------------------
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Symbols employed in 
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KEY 
the microwave circuit diagrams. 
amplifier 
diode (microwave crystal detector, or 
second detector following r.f. 
amplifier. ) 
ferrite isolator (forward direction t) 
matched load 
attenuator (variable) 
+ or ~M~ matching unit 
\ I 
. Z directicnal coupler 
20 dB 
------------------------------------------
+ 
Q 
-x-
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junction (magic tee) 
wavemeter 
transi tion (specifically a taper from X-band 
to K-band waveguide) . 
variable frequency generator (including klystrons) 
d.c. block. 
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APPENDIX A 
Electrofarming cavities 
Copper is deposited electrolytically from an acidic 
copper sulphate solution on to the stainless steel manCh~l. The 
anode is oxygen free high conductivity copper. 
The composition of the solution is: 
copper sulphate CuS04.5H20 
potassium aluminium sulphate 
pure sulphuric acid (S.G. 1.84) 
water to 
200g 
12g 
56g or 
31m1 
1 litre 
(fran Canning's Handbook an Electroplating 19th.Edn.) 
This reference indicates that a charge of 108 ampere-
minutes per square foot is required to deposit 0.0001 inch of copper. 
The mandrel is rotated slowly. The- directicn of the 
current is reversed periodically for about one third of the time, to 
minimise the degree of uneven deposition. 
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APPENDIX B 
A method for determining the loaded Q factors of microvrave cavities 
(devised in collaboration with G. D. S. Smart). 
The loaded Q factor of a resonator is determined by measuring 
the frequency separation b.t.J between the half-power points on the Q 
response curve, and using the relatioo Q = tVo / b. tJ 
Two difficulties arise in determining Lj ~ • Cne is that 
of resolution of the frequency separation which may be difficult when 
using a resonant cavity wavemeter possessing a Q lower than that 
which is being measured; the second is that of determining the 
half-power points on the respcnse curve, since the absorption 
response seen on an oscilloscope or on a meter is Inodified by the 
klystron mode shape. 
Figure B.1 shows a microwave arrangement which is ccxnmonly 
used to determine the Q of a cavity. The cavity is placed in a 
side arm of a magic T junction and the absorption is monitored in 
the fourth arm. The klystron mode shape is observed by coupling 
power fran the main waveguide-run. As the klystron is tuned (by 
changing the reflector voltage) across the cavity resonance, the 
power to the cavity is maintained constant by altering the first 
attenuator. The seccnd (calibrated) attenuator settings for the 
maximum and minimum points of the absorption are found and the 
attenuator settings for the half-power points calculated. 
x 
Figure B.1 Arrangement for Q measurement. 
The attenuator is altered accordingly and the resonance is scanned 
from one side of the point of maximum absorption to the other side 
to, give in each case a current at the detector crystal of the same 
magnitude as that pertaining to the centre frequency. The frequenci es 
corresponding to these two positions are found with the cavity wave-
meter. 
Apart from the lack of frequency resoluticn obtainable 
with a wavemeter, there is a serious drawback to this method, and 
that is the fact that the klystron mode is monitored in a different 
location fran that of the canty rescnance. The shape of the 
klystron mode that modifies the cavity response may, because of 
reflections, be different fran the cne that is monitored nearer the 
klystron. 
Figure B. 2 shows an arrangement that overcomes this 
deficiency. The shape of the klystron mode at the cavity is 
monitored by reflection in the same way as the resonance by coupling 
power fran the waveguide leading directly to the cavity. 
The superposition of cavity and klystron mode is plotted 
in tenns of dB by varying the calibrated att enuat or. in the directional 
coupler to give a constant current. The klystron mode alone is then 
plotted by removing the cavity absorption: this is done by heating 
the cavity to tlIDe it beyond the frequency limit of the mode. 
Allowance ma.y then be made for the effect of the klystron 
X band 
K band 
IZRI\3 
r----~---, 
/'1 I,.. I I 
~ 
x 
20d8 
I 
r--'---. I 
x 
I 
1 
I 
I 
I 
..J 
Micronow 
202 
and 
101 
cavity 
bdBlX 
Figure B. 2 Scheme employed f'or determining canty Q values 
+ 
l1 + 
c; 
galvanometer 
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mode • 
In the case of the high Q cavity where the coupling was 
very small, it was necessary to ~ack off" most of the voltage 
developed across the galvanometer in order to retain sufficient 
sensitivity. The t wo curves were plotted in terms of the galvanometer 
scale readings, and the scale was in turn calibrated in terms of dB 
using the calibrated attenuator. 
High frequency resolutim was obtained by using a klystron 
stabilised with Micronow equipment. The curves were plotted in 
steps of 0.5 MHz and 0.25 MHz appropriate to the two Qs. 
The Micronow scheme employs a 5 MHz crystal oscillator, 
the output of which is frequency multiplied to 450 lYlliz in the 
Micronow multiplier chain 101 C. This output is applied to a 
Hewlett-Packard step-recovery diode mounted in X-band waveguide to 
yield harmonics, one of which is close to 23 ,870 ~ 60 MHz. There 
is a taper transition to K-band waveguide. The klystron is offset 
60 MHz fran this frequency and its output mixes with that of the 
harmonic generator to produce a 60 MHz signal which is phase detected 
in the Micrmow unit 202 to produce a correction voltage which is 
applied to the klystron reflector. 
